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AN ANALYTICAL STUDY OF POPULATION 
GROWTH IN DROSOPHILA MELANOGASTER 


INTRODUCTION 

Population, numerically, is a balance of natality 
and mortality, but, functionally, it is an integration 
of all the interactions of factors which bring about a 
particular balance. A population study deals with 
the description of this balance and the investigation 
of its interactions or dynamics. The former is done 
by censusing and the latter by correlation and ex- 
perimentation. 

Economie zoologists are interested in either an in- 
crease of natality or survival, or an increase of mor- 
tality. Such problems usually arise from the field, 
but because of the great complexity involved in the 
integration of a field population, the problem is diffi- 
eult to approach without the guidance of some funda- 
mental principles. Such principles, however, are more 
easily revealed in laboratory population studies, not 
because laboratory populations show a lower level of 
integration and are less complex, but because one can 
control the environmental conditions better and ana- 
lyze the integrating mechanism with greater facility. 

When Pearl and Parker (1922) deseribed the in- 
fluence of density of population upon the rate of re- 
production in Drosophila melanogaster and Pearl 
(1925) described the logistic nature of the population 
growth of Drosophila adults in a confined universe, a 
tremendous interest was aroused in the investigation 
of the dynamics of population growth in other animal 
species. Tribolium confusum, for example, has at- 
tracted the full attention of several authors. A volum- 
inous literature has been published within the last two 
decades revealing the dynamics of its population 
growth. But the situation with Drosophila is differ- 
ent. After the publication of Pearl’s classical work 
on the effect of adult density on fecundity, only a few 
significant papers appeared on this subject. Pearl 
(1932) described the influence of density of popu- 
lation upon egg production. Winsor (1937) worked 
over Pearl’s data and pointed out that the drop of 
feeundity alone does not account for the reduction in 
the rate of adult production. He suggested the im- 
portance of larval mortality in bringing about the 
final population growth curve. Bodenheimer (1938) 
made a complete census of all stages during the period 
of Drosophila population growth. By pure dedue- 
tion, he arrived at the conclusion that a heavy larval 
mortality, a retardation of developmental rate, and 
an accumulation of toxie substances are important 
factors in shaping the growth curve. Regardless of 
the fact that these authors pointed out challenging 
possibilities and that Park, in his review (1941), 
called attention to the need for further investigation, 
no other factors were studied experimentally until the 


work of Robertson & Sang (1944), the importance of 
which will be discussed in later paragraphs. 

Two things may account for this contrasting situa- 
tion between Drosophila and Tribolium. In the first 
place, Tribolium spends its whole life cycle in flour. 
The flour medium after having been inhabited by this 
beetle for a sufficient length of time becomes popu- 
lated by individuals of all stages. The result is a 
homogeneous distribution of all stages of development 
throughout the microcosm. This certainly facilitates 
experimentation. Whereas in the Drosophila popu- 
lation, the whole system consists of a complicated 
environment, namely, an agar medium, an air space, 
an agar-air interphase and an air-vessel interphase; 
and further, a food consisting of a living organism, 
yeast. The agar medium serves as the site for larval 
activities and the medium for yeast growth. The air 
space serves as sites for adult exercise and courtship. 
The agar-air interphase provides feeding and oviposi- 
tion sites for adults and a film through which the 
larvae respire. The air-vessel interphase serves as a 
resting and mating place for adults and for pupal 
attachment. These varied characteristics of the sys- 
tem complicate experimental manipulation. Further- 
more, because of the nature of the agar medium, cen- 
susing of the larval population results in the total 
destruction of the medium. Secondly, although as 
pointed out by Park (1937), Pearl does not conclude 
that the collision effect is the only factor affecting 
the fecundity of Drosophila, he (1932) leaves the im- 
pression that larval and pupal mortality have nothing 
whatever to do with the reduction in the number of 
adult progeny produced at high densities. This im- 
pression overshadowed the work of Winsor and 
Bodenheimer. 

Gordon & Sang (1941) suggested that the veast 
changes qualitatively as Drosophila population cul- 
tures develop. However, the work of Robertson & 
Sang (1944) seems to be the first inquiry, backed by 
experimental data, into the significance of Pearl’s 
findings with respect to factors responsible for the 
shaping of the population growth curve of Drosophila. 
Among the important contributions in their paper is 
the demonstration of the fact that yeast types do affect 
fecundity and egg viability. From this work they 
concluded that the qualitative changes of yeast would 
be responsible for a reduction in fecundity during 
population growth. However, the validity of this 
interpretation is open to question because of the fact 
that in testing fecundity, they were not sure that 
the types of yeast they used were of the same quali- 
ties as those to be found in Drosophila cultures. 

Another contribution made by Robertson & Sang 
(1944) deals with the effect of population density of 
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adult flies on fecundity. They showed that fecundity 
is not seriously affected by the number of flies per 
unit of surface area if sufficient food is supplied. 
They concluded that starved flies are much more sen- 
sitive to crowding, and that Pearl’s fecundity-crowd- 
ing curve is valid only under restricted specific con- 
ditions. Furthermore, they made an attempt to map 
the sequence of possible events and to evaluate their 
relative importance in the growth of a Drosophila 
population in a culture bottle. 

The previous work, so far mentioned, falls into two 
categories. One type, that of Pearl, and Robertson 
& Sang, is purely analytical, and all factors are kept 
constant but one. As a result, these studies reveal, in 
a very clear-cut way, the effect of one factor on one 
or two biological processes during population growth. 
At the same time, all the interactions which might pos- 
sibly alter the actions of that factor are ignored by 
necessity. Such studies also ignore the fact that there 
may be other factors which will be effective before 
the functioning of the factor studied. The other type 
(Bodenheimer) is purely deductive. It preserves the 
integration and introduces less artificiality into the 
system. However, no direct experimental evidence 
ean be obtained, nor can one determine always how 
the actions are brought about; and moreover, such 
deductions are not verified easily. It would seem that 
both methods of approach are essential, despite their 
deficiencies, for most population phenomena are dis- 
covered by means of direct observation but must be 
explained fully and explored further by the analyti- 
cal approach. 

Some papers having direct bearing on this subject 
have appeared since the manuscript of this paper 
was submitted for publication. The important ones 
are Solomon’s review (1949) on the natural control 
of animal populations and a series of papers by 
Sang and his associates (1949) on the ecological 
determinants of population growth in a Drosophila 
culture. The authors regret that it was not possible 
to incorporate the discussions reported in these 
papers in the text. 

It is the purpose of this study to supply more 
basic information concerning Drosophila melanogaster 
populations, through an analytical study, and to make 
an attempt to synthesize the analytical findings. It is 
to be understood that the population determinants dis- 
cussed in this paper are by no means exhaustive, and 
that the synthesis is by no means complete. 

The writers are indebted to Drs. A. Glenn Richards, 
V’. C. Cook and Thomas Park for critical comments 
on the manuscript, and to Mrs. C. L. Pu who assisted 
in the preparation of the figures. 

Many tables were omitted from the text due to space 
limitations. Readers who are interested in tabular 
detail should consult the original thesis deposited in 
the library of the University of Minnesota. 


EXPERIMENTAL STOCK 


The Drosophila melanogaster stock used in this 
study was collected from rotten apples brought into 
the laboratory at University Farm, St. Paul, Minne- 
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sota. One pair with the highest oviposition rate, over 
100 eggs per day during the peak of the oviposition 
period, was chosen as the initial breeding stock. In- 
breeding of selected pairs showing the highest feeun- 
dity and fertility was carried on for 11 generations, 
During the course of purification, and thereafter, the 
average number of eggs laid per day by this stock 
during the first ten days of adult life was around 
50 and the fertility above 85%. There were, how- 
ever, always about % to 14 of the adults which 
showed signs of low fecundity, in spite of the selee- 
tion and inbreeding process. The offspring of this 
purified stock were used throughout the study with no 
further purification. 


GENERAL REMARKS ON TECHNIQUE 


The following are some general remarks on the 
techniques used in this study. Manipulations for 
special purposes will be discussed when the different 
experiments are introduced. 


REARING CHAMBERS 


In general, the rearing method developed by Hod- 
son & Chiang (1948) was used. However, in most 
of the fecundity experiments cylinders 17 mm. in 
diameter and 45 mm. long were used in place of the 
large cylinders used for egg production. The smaller 
tubes could be set up in multiple units (Fig. 1). 








Fig. 1. Multiple units of rearing tubes. 


With the smaller surface, a high density was attained 
without making necessary the handling of tremendous 
numbers of individuals. In some experiments, the 
floor blotter was covered with agar medium to give 
the same effect as that found in ordinary culture bot- 
tles. This was done by pouring melted agar medium 
into an enamel pan to a depth of about % em. After 
it was set, the solidified mass was cut into dises of 
proper sizes to fit the cylinders. These dises were 
used for oviposition and also for larval development. 
In the latter case, the dise was placed on a blotter 
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which had been sealed on the bottom of a cylinder 
with beeswax. 


Foop 

A 1:1 mixture (by weight) of yeast (“Red Star” 
baker’s yeast) and honey was used as adult food, and 
1:1 mixture of yeast and water was used as larval 
food. In rationing the food, a syringe with a delivery 
of 0.05 ce. per drop was used in most cases. In 
delivering very small amounts of food onto the sub- 
strate, two methods were employed singly or in com- 
bination. In one, a fine pipette with a delivery of 
0.008 ce. per drop was used to decrease the quantity 
of mixture, and in the other, the food mixture was 
diluted to various low concentrations with volumetric 
pipettes. Before filling the syringe or pipette, care 
was taken to make the bulk mixture as homogeneous 
as possible by stirring. 

In rationing the adult food, a yeast water mixture 
and straight honey were placed on the substrate in 
isolated spots. The yeast water mixture was delivered 
in the desired quantity and concentration, whereas the 
honey was supplied in excess. This was done to mini- 
mize yeast growth and yet supply the adult flies with 
sufficient honey. How much yeast growth was pro- 
moted by honey carried over to the yeast by the move- 
ment of water through the blotter was not investi- 
ated. 

Regardless of the size and number of drops and 
the concentration of the mixture, the quantity of 
food given will be expressed in ce. of a 1:1 mixture. 

The agar medium used in some experiments was 
prepared from the formulation developed by Bridges 
(1932), with the addition of 509% more water. This 
was done because previous experience in this labora- 
tory had indicated that the extra water prevented too 
rapid drying of the medium. A large amount of 
medium was prepared and stored in sealed jars at 
5°C. The desired amount was taken out and warmed 
gently until it melted and was used as freshly pre- 
pared medium. This method saved preparation time 
and yet produced no evident change in the medium. 


o 
t=) 


TEMPERATURE 

Most of the experiments were carried on in the 
laboratory at room temperature. This was necessary 
because the large space required exceeded incubator 
space and because by this method it was possible to 
avoid the risks involved in transporting materials for 
examination and other manipulations. Although the 
room temperature fluctuated over a range of 11°C, 
during the entire period of the study, the change 
within a period of 2 weeks, the time necessary for 
each test, seldom exceeded 3°C. Internal controls were 
always made to check the temperature effect. Con- 
stant temperatures of 20° and 27°C. also were used 
in certain experiments. 

MAINTENANCE OF MATERIAL SUPPLY 

By using the rearing method previously mentioned, 
a good number of all stages of Drosophila was kept 
on hand for experimental use. For the egg supply, 
the floor of the oviposition cage was removed and re- 


PopuLaTION GrowTH IN Drosophila Melanogaster 


177 
placed every two hours, or once a day; thus eggs of 
known age within the range of 0 to 2 hours or 0 to 
24 hours were made available. 

The larval rearing chambers started each day were 
dated so that larvae of any desired age were available 
at any time. There was some variation in size of 
larvae, but extreme variants were not used in the ex- 
periments. Because adults may continue to emerge 
from larval rearing chambers for 4 to 5 days, it was 
necessary to remove all the adults from the cultures 
the day before a sample was to be taken for experi- 
ments. By this means it was certain that all the 
adults used were no more than 24 hours old. 

A sufficient supply of all stages was maintained 
constantly with the use of about 5 to 8 oviposition 
cages and about 16 to 20 larval rearing chambers. 

TRANSFER OF MATERIAL 

The eggs were transferred by the following pro- 
cedure. The floor of the oviposition cage was re- 
moved and dried until slightly moist. Eggs de- 
posited along the scratches made on the blotter stuck 
together and were removed easily from the blotter 
in masses by running a needle point along the 
scratched lines. The masses of eggs were then placed 
on one side of the floor of a dry larval rearing cham- 
ber. Food mixture was then dropped on the floor 
along the other edge. After the excess water in the 
food mixture was absorbed by the blotter and the 
food was set, the chamber was then placed on a moist 
platform. As the result of this procedure, the eggs 
remained away from the food and were not buried. 

In transferring known numbers of eggs for experi- 
mental use, the floor of the oviposition cage was re- 
moved as before. A small amount of water was 
dropped on some of the masses of eggs causing the 
eggs to spread out so that they could be counted more 
easily. After the blotter was dried until slightly 
moist, the eggs could be removed easily by a needle 
and transferred. A small drop of water was placed 
on the surface where the eggs were to be transferred. 
When eggs on the tip of the needle came in contact 
with the water droplet they would slip off into the 
water. By this method, injury due to manipulation 
was cut down to a minimum. 

Larvae of different ages were used in this study. 
They could be removed from the floor of a larval rear- 
ing chamber with a needle by barely touching them 
when the blotter was dried until slightly moist. More 
than 20 larvae could be removed at a time. The 
transfer was extremely easy if done before the hatched 
larvae had moved into the pool of food. For older 
larvae, the practice was different. Sufficient water 
was dropped into the larval rearing chamber to sub- 
merge the larvae in the pool of food. After a few 
minutes, the larvae would crawl up on the wall of the 
chamber, and could then be removed in masses with 
a pair of forceps. These masses of larvae were then 
transferred to a piece of clean blotter. When drops 
of water were placed on the larvae they immediately 
dispersed and were easy to count. The excess water 
was then removed and the larvae transferred by for- 








ceps in known numbers to a blotter surface on which 
a small drop of food was placed. The larvae would 
adhere to the food as eggs did to water droplets. 

Hodson & Chiang (1948) discussed the technique of 
transferring adults in general rearing. In the pres- 
ent work, the adults were transferred from the large 
rearing chamber to small cylinders with the aid of a 
funnel-shaped adaptor. The cylinder, crowded with 
transferred fiies, was then covered with a piece of 
blotter and inverted. An empty tube was placed on 
the top with the blotter in between the two. By 
slowly and carefully sliding the blotter, flies were 
released into the upper tube. With experience one 
could release a very small number of flies at a time. 
They were easily sexed under a binocular microscope 
or with the naked eye. Single pairs were separated by 
this method without any possibility of their being in- 
jured by handling or anesthetizing. Multiple pairs 
were made by introducing the separate pairs into one 
tube. All adults were tested for oviposition rate for 
4 or 5 days after emergence. By this means those 
adults showing low fecundity could be excluded from 
the experiments. 

The curves shown in this paper were fitted free- 
hand. Tests were replicated enough to cover fair 
ranges of variation. In most cases, the trends or 
differences were clearcut. Statistical analysis was 
employed only in those cases where differences be- 
tween sets of data were not apparnt. 


FECUNDITY STUDY 


Eac-LAyING SITE AND FecunpDITY 


Studies of fecundity have been made by earlier 
workers using an agar medium as an egg-laying 
surface. Pearl (1932) and Dobzhansky (1935) have 
remarked that flies lay their eggs exclusively on the 
medium surface, so the agar medium was considered 
to be a satisfactory surface for fecundity studies. In 
the present work, the surface available to the flies for 
egg-laying was partly blotter and partly a smear 
of food. Inasmuch as this surface is different from 
that used before, an investigation of the oviposition 
response of flies to this type of surface is of interest 
in itself and is also important in connection with the 
evaluation of the results of fecundity studies to be 
reported. 

In addition to the food smear, the variables most 
likely to be encountered by flies are surface texture 
and moisture conditions. These were tested for their 
effect on ovipositicn. The floor blotter of a large 
oviposition cage was cut into a half and two quarters. 
The quarter portions were so separated one from the 
other that they could be kept wet or dry individually. 
Food was always smeared on the half section as in the 
usual practice. On the other portions, combinations 
of four different conditions were created in different 
series, namely: dry rough, dry smooth, wet rough 
and wet smooth. For dry quarters, no water was 
supplied and for the rough quarters, heavy scratching 
with a needle was applied. In some other cases, sliced 
agar medium with smooth or rough surface was placed 
on one of the quarters. 
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Combinations of food smear and one or two of the 
surface textures mentioned were set up. Adults were 
transferred into the chamber for one day, and the 
eggs deposited on different portions of floor were 
counted. The distribution of eggs among the sur- 
faces having different physical characteristics are pre- 
sented in Table 1. Since the number of flies to which 
the surfaces were exposed was ont standardized in 
each test, the distribution of eggs is expressed in per 
cent rather than in actual numbers. 


TABLE 1. Distribution of Oviposition on Surfaces of 
Different Physical Characteristics. 
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Among the results of the study was the fact that 
food was selected as an oviposition surface only 
when there was no other wet surface available. The 
rough surface was preferred to a smooth surface for 
egg-laying in all cases. Blotter was preferred as an 
oviposition surface when compared with the agar 
medium. The implication of these results is rather 
important. First, the blotter which was used for an 
oviposition surface throughout the study was entirely 
adequate for an investigation of fecundity. Secondly, 
the oviposition surface could be varied independently 
of the food. 

Adolph (1920) found in his study on the egg- 
laying reaction of Drosophila melanogaster, that a 
good combination of texture, taste and odor was es- 
sential to bring about the highest oviposition. Rich- 
ardson (1925) in his review of the oviposition re- 
sponse in insects, concluded that odor alone is proba- 
bly never sufficient to induce normal oviposition. 
In the present study, the texture also seems more im- 
portant than any of the other factors, although ol- 
factory stimulation was not investigated. 

Attempts were made repeatedly to determine 
whether or not the nature of the substrate had any 
effect on total egg production. Experiments were 
carried out with single pairs of flies provided with 
only one type of surface in addition to a food smear. 
Here, small tubes enclosing pairs of flies were placed 
over oviposition and feeding surfaces of different 
types on a common moist blotter platform. No statis- 
tically significant difference was found between the 
number of eggs laid by the flies when either a rough 
or a smooth blotter surface was provided for oviposi- 
tion. In the light of these findings, it can be said that 
although the flies show definite preference for types 
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of surface texture of oviposition, fecundity is changed 
little by the types of surface available. 

In another study (Chiang & Hodson 1950) it 
was found that Drosophila male flies have a high 
sperm productivity and a long sexually active period, 
and that the females can preserve the sperm for a 
considerable length of time. So a temporary absence 
of males, a low percentage of males, or a difference 
in male and female ages would have relatively little 
effect on progeny production. In the growth of a 
population this effect is perhaps far less important 
than the number and the age of the females, and the 
character of the oviposition sites. 

Foop AND FECUNDITY 

The food necessary for reproduction and survival 
in Drosophila has been well demonstrated (Hammond, 
1939). Most of the studies have dealt with the quality 
of food rather than the quantitative effect. Alpatov 
(1932), however, studied the effect of underfeeding 
in the larval stage on adult fecundity, and Robertson 
& Sang (1944) studied the effect of intermittent 
feeding in adult life on egg production. These au- 
thors have all used time as the variable factor. They 
found that a shorter feeding period results in a lower 
fecundity. With the rearing technique used in the 
present study, it was possible to vary directly the 
amount of food given to the larvae or adults instead 
of varying the length of the feeding period. 

THE DAILY FOOD REQUIREMENT 

Individual flies were supplied daily with 0.001, 
0.003, 0.005, 0.011, 0.016 and 0.022 ce. of 1:1 yeast 
water mixture. In one series, honey was supplied in 
excess. In the series without honey, the longevity and 
total number of eggs laid during the entire period of 
adult life were noted. In the second series, in which 


TABLE 2. Longevity and Fecundity of Adults Offered 
Different Amounts of Food Daily. 











Amounts of yeast- | 
water mixture, cc. {0.001/0.003/0.005/0.011/0.016 0.022 





WitHovut Honey 





























Number of Tests... .. 8 7 7 8 6 7 
‘Average longevity 
OS eee 2) 36 | 2413.8 | S72) 34 
eee 2.4 | 4.4 | 6.3 | 5.1 4.8 | 8.4 
Average total egg | 
eae 0 | 3.7 158.9 |93.2 {111.6 |243.1 
Average egg laying | 
perday........... 0 | 0.8 | 9.3 |18.2 | 23.2 | 28.8 
Wit Excess Honey 
Number of Tests..... 8| 6| 4| 6 2} 2 
Average egg laying per 
day (1-10th days). .| 7.9 |19.8 |34.8 |37.8 | 41.3 | 43.4 
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the adults lived much longer than 10 days, only the 
egg laying of the first ten days of adult life was re- 
corded. The results are summarized in Table 2. Here 
it is shown that honey increased the longevity of 
adults, and that male longevity was affected more by 
the absence of honey. An increase in the amount of 
yeast-water mixture increased the total number of 
eggs laid and also increased the adult life to some 
extent. With the presence of honey, the adult life 
was longer than ten days even with the smallest 
amount of yeast mixture. In the first ten days of 
adult life, the average daily egg-laying increased 
regularly with the amount of yeast supplied up to 
0.005 cc. of yeast mixture (or about 0.0025 gm. of 
baker’s “Red Star” yeast). Further increase in the 
quantity of yeast had relatively little effect. There- 
fore, 0.0025 gm. of Red Star yeast with an excess 
of honey was sufficient to bring about a normal fecun- 
dity. 
THE EFFECT OF PARTIAL STARVATION 

Flies were supplied with different amounts of food 
daily for 11 days. On the two days following this 
treatment, they were divided into two series, one was 
supplied only with honey and the other with honey 
and plenty of yeast. The daily egg laying was counted 
and the average values are shown in Table 3. 











TABLE 3. Persistent Effect of Partial Starvation on 
Fecundity. 

Ist To lltH Day 12TH To 13TH Day 
Daily feeding Daily oviposi-| Daily oviposi- 
(honey-yeast Daily tion on tion on 
mixture in cc.) | oviposition honey alone | plenty yeast 

0 0.6 0.6 23.0 
0.001 72 1.1 19.3 
0.003 19.8 5.7 35.4 
0.005 38.9 8.7 46.0 
0.011 44.3 8.1 Dcten 
0.016 35.4 = 44.2 
0.022 38.7 9.4 en 














One can see that on changing the food to straight 
honey, flies showed a low egg-laying rate, but those 
previously fed on a sufficient amount of yeast laid 
more eggs that those fed on insufficient amount of 
yeast. On changing to plenty of yeast, the flies all 
showed a higher egg-laying rate, yet those previously 
fed on insufficient food still laid fewer eggs than 
those fed on sufficient food. In other words, although 
the fecundity changed immediately with a change in 
food quantity, the conditions of the previous feeding 
still had some persistent effect on oviposition. This 
point is further confirmed by the experiments to be 
described in the following section. 

THE EFFECT OF INTERMITTENT STARVATION 

Single pairs of flies were reared in oviposition 
tubes with sufficient honey-yeast mixture for 3 days. 
Leaving six pairs as the check series, the rest were 
then divided into three series each with 4 to 6 repli- 
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cates. The standard yeast-honey mixture and straight 
honey were given alternately to these three series on 
1-, 2-, and 3-day shifts respectively. This experiment 
was carried on for 12 days, during which period the 
oviposition was recorded daily. It was found that on 
shifting from yeast to honey, the fecundity dropped 
significantly in‘one day and to a greater extent on the 
second and third days. Following the shift back to 
yeast, an increase in fecundity was immediate, the 
increase becoming progressively greater after two 
and three days. In other words, the longer the flies 
were kept on honey, the greater was the drop in 
fecundity and the longer it took for the flies to 
recover. In all the series with alternating food, 
fecundity was never as great as that in the checks. 

This finding has another significance. Robertson 
& Sang (1944) had observed that, with sufficient food, 
crowding had little effect on fecundity. They con- 
cluded that Pearl’s fecundity-crowding curve was only 
valid under special (starvation) conditions. How- 
ever, they did not explain another one of Pearl’s 
experiments. In that experiment, Pearl (1932, p. 
68) exposed the same identical individual flies to con- 
ditions of high density and of low density in alter- 
nating 24-hour periods. He found that the rate of 
egg production per female day was higher in the low 
than in the high density tests. He believed that 
high density of population, and not some other varia- 
bles, was the direct cause of decreased egg laying. 
In the present experiment, alternating sufficient food 
and poor food were given to the same individuals, and 
the same trend was shown in the change of fecundity, 
although single pairs of individuals always were used. 
These data offer supplementary evidence in favor of 
the contention that the effect of density on fecundity 
is expressed as well through the competitnon for food 
as through interference of adults (the so-called colli- 
sion effect of Pearl). 

THE Errect oF LARVAE ON FECUNDITY 

Since Robertson & Sang (1944) suggested the pos- 
sibility that fecundity might be affected by qualitative 
changes in the yeast available for adult food due to 
the presence of larvae, it was felt that some experi- 
ments should be performed to test this assumption. 
In a preliminary test, a number of single pairs of 
flies was placed in agar medium oviposition cylinders 
for 4 days with the medium renewed each day. Then 
they were divided into three series; one with the 
aedium renewed each day, another with the medium 
unchanged but with yeast-honey mixture added each 
day, and a third with the medium unchanged and no 
yeast-honey mixture added. In this experiment it was 
noted that certain changes in the rate of oviposition 
occurred. In the first series, where the medium was 
renewed each day, the rate of oviposition dropped 
only slightly. In the other two series where the 
medium was not renewed, the medium was inhabited 
by larvae after the first day. In the second series 
where honey-yeast mixture was added each day, the 
rate of oviposition dropped from 60 to 12, 9, 5 and 
2 on four successive days and rose to 27 on the 5th 
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day when most of the larvae were removed. In the 
third series in which no food was added, the rate of 
oviposition dropped from about 55 to 30, 12 and 4 on 
three successive days and the adults died on the 4th 
day. So it is clear that the egg laying rate dropped 
when the medium was not renewed, and that the drop 
was more severe when the yeast-honey mixture was 
added than when not. These results are contradictory 
to the assumption made that qualitative changes in 
yeast cause a decreased facundity, instead, they 
strongly suggest that the presence of larvae has an 
interference effect on fecundity. Presumably, the 
addition of a yeast-honey mixture promoted larval 
growth and thus intensified the interference. The in- 
crease in egg laying with the removal of larvae in the 
second series strengthens this idea. 

Since this type of intraspecific interaction has never 
been emphasized in Drosophila population experi- 
ments, studies were carried on to verify the hypoth- 
esis and to determine the amount of interference in 
relation to the age of larvae and the nature of the 
substrate. In this experiment, 25 x 17 mm. cylinders 
with a piece of blotter sealed on one end were em- 
ployed. The two types of substrate used were yeast- 
honey mixture and agar medium. The tubes with 
agar medium substrate were prepared in the manner 
mentioned before with two small drops of yeast-honey 
mixture placed on the medium surface. For the tubes 
with only yeast-honey mixture, the bottom blotter was 
wetted first and then the small drops of yeast-honey 
mixture added would spread evenly over the blotter 
surface. 

A certain number of larvae were transferred into 
the cylinders with agar medium or yeast mixture and 
single pairs of adults were then introduced. All the 
adults used were of the same age and had been pre- 
tested for oviposition rate for 4 to 5 days so that 
those adults showing the normal oviposition rate for 
this strain could be selected. Larvae 1, 3 and 5 days 
old were maintained at densities of 20, 50 and 100 
individuals for each age. Checks with no larvae also 
were run for each test. The egg laying in periods 
of one day was recorded. On the second day, the 
adults were transferred to new cylinders with larvae 
of the same age and number as those present on the 
previous day, and the egg laying was also noted as 
before. The effect of the presence of larvae on the 
substrate was expressed by an index which was eal- 
culated as follows: 


Average number of eggs per day in testing period x 100 
Average number of eggs per day in pretesting period ’ 





where the pretesting period refers to the first 4 to 5 
days of adult life before the adults were transferred 
onto the medium with larvae, and the testing period 
refers to the period after the transfer. 

Shapiro (1932) showed that the oviposition in 
Drosophila melanogaster changed with age so that 
the accumulative egg laying, when plotted against 
time, followed a sigmoid integral curve. Therefore, 
the actual number of eggs laid by an adult tends to 
change from day to day even when no external vari- 
ables are introduced; and any change in the rate of 
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egg laying will result in a change in the course of this 
eurve. The index used here emphasizes the change of 
oviposition capacity resulting from external effects, 
and the difference between the experimental series and 
the check series indicates the magnitude of the effect 
of the variable factor. It was also noticed that some 
eggs were laid on the side wall instead of on the 
substrate, the number being recorded along with the 
other data. 

In order to eliminate the possibility that larvae 
might have used up food which would have other- 
wise been accessible to the adult flies, another series 
of experiments was performed. Cylinders were pre- 
pared and larvae transferred as before. On the next 
day, the cylinders with larvae were kept at 0° C for 
one day in order to kill them, because removal of all 
the larvae was found to be very Cciffieult. After a 
period for thermal equilibration adults were intro- 
duced into these eylinders in which the larvae had 
disturbed the surface by feeding for one day before 
being killed. 
and again the oviposition was noted and indices com- 
puted. In this series, the amount of food accessible 
to the adults would not have been greater than in the 
other series in which adults and larvae were intro- 
duced at the same time. 

Tests were run to determine the possible effect of 
chilling the substrate and the effect of the mechanical 
alternation of the surface texture of the agar medium, 
and the results tested with the t-test. It was found 
that chilling the substrate without larvae for 1%, 1 
and 2 days and breaking up the agar medium with a 
needle had no significant effect on oviposition. The 
effect of chilling on the substrate alone was not in- 
vestigated. 


This was done for two successive days 


The results of these experiments are summarized 
in Figures 2 and 3, where “live larva” refers to feed- 
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. 
Fig. 2. 
dity. 
e 
A. Living larvae on agar. 
C. Dead larvae on agar. 


The effect of the presence of larvae on fecun- 


B. Living larvae on blotter. 
D. Dead larvae on blotter. 
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by chilling. The indices for those tests with no larvae, 
represented by the points which range from 100 to 
200 on the ordinate in each graph (Fig. 2) mean that 
even when no larvae were present, the average of 
the daily oviposition in the experimental period could 
differ as much as twice that of the pretesting period. 
So the indices below 100 indicate a real drop in ovi- 
position rate due to experimental conditions, but those 
between 100 and 200 co not. On this basis then, 
larvae 5 days old have an interference effect which 
increases with an increase in the number of larvae 
present. At the density of 100, oviposition was re- 
duced by at least 80 per cent. The interference was 
more intense on the yeast-honey mixture than on the 
agar medium, thus for the larvae 3 days old, no inter- 
ference was found on the agar medium but the inter- 
ference was very definite on a substrate of yeast mix- 
ture. No effect was found for the larvae 1 day old on 
either type of substrate. 

A parallel series with larvae fed on the substrate 
for one day and then killed before adults were intro- 
duced, showed no interference except in the case of 
the highest number of 5-day old larvae. The reason 
for this result was not explored although it may be 
explained as a case of actual food depletion. 

The effect of larval presence on the shifting of egg 
laying from the surface of the substrate to the side 
wall was even more striking, as can be seen in 
Figure 3. 
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Fig. 3. The effect of the presence of larvae on egg- 
laying sites. 

A. Living larvae on agar. 


B. Living larvae on blotter. 
OC. Dead larvae on agar. 


D. Dead larvae en blotter. 


In general, the presence of living larvae on the sub- 
strate decreased the oviposition of the adults in the 
same container, and caused the adults to lay eggs more 
often on the side wall than on the surface of the sub- 
strate. These phenomena may be explained on the 
basis that the activity of larvae increases with den- 
sity and age, and that it is manifested more strikingly 
on a liquid medium such as the yeast-honey mixture 





than on the agar medium which has a greater density 
and greater depth. Since these changes in oviposition 
disappeared when the larvae were inactivated, they 
are more likely to have been caused by physical dis- 
turbance rather than by quantitative or qualitative 
changes in the food. 


Tue Errect oF OTHER Factors ON FECUNDITY 


The effect of adult density (the number of flies per 
unit area of medium surface) on fecundity has been 
demonstrated by Pearl (1932) and Bodenheimer 
(1938). Pearl explained this effect as the result of 
collision among the adult flies. Robertson & Sang 
(1944) however, stated that the intensive drop in 
fecundity at high densities was the result of food 
deficiency. With special manipulations to insure an 
ample food supply, they showed that egg laying re- 
mained high even at high densities. 

In order to obtain comparable data with the present 
technique cylinders 17 mm. in diameter were used, 
and 1, 2, 4, 8, 16 and 32 pairs of flies were kept 
in the cylinders and the fecundity recorded for 10 
days. The results are shown in Table 4. Similar 
data from various authors are convented to a common 
basis (the number of eggs per female per day and 
the number of flies per square centimeter of surface) 
and are shown in Figure 4. It is interesting to note 
that, with various techniques and strains of flies, the 
fecundity always drops with an increase in adult 
density, even according to Robertson & Sang’s data. 
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Fig. 4. Fecundity at different adult population densi- 

ties as given by different authors. 








Of course, the magnitude of the decrease and the 
density at which the most intense drop takes place 
vary from one case to another. Thus there are two 
possibilities existing; first, the aggregation of adults 
does affect oviposition and, secondly, none of the ex- 
perimental treatments mentioned provide a sufficient 
supply of food at high densities. However, a large 
supply of food offered at one time or too frequent 
renewal of the feeding surface may interfere with 
normal adult activity. A sufficient food level is 
technically very difficult to maintain at high densities 
for a period of 24 hours. The present evidence does 
not differentiate the two possibilities mentioned above. 
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TABLE 4. Fecundity at Different Adult Population 
Densities. 











Number of pairs} Number of Average 
of flies in flies per square| Number of number of 
17 mm. cylinder | centimeter Tests eggs per day 
1 2.5 4 33.8 
2 5.0 4 28.1 
4 10.0 4 20.1 
8 20.0 4 20.6 
16 40.0 4 16.8 
32 80.0 3 13.8 














Alpatov (1930a) reported that the adults reared 
from underfed larvae were smaller and showed a 
lower fecundity. He used only one degree of under- 
feeding, and his interest was in the correlation of 
fecundity and longevity. Since, as shown by Alpatov, 
adult fecundity changes correspondingly with adult 
size, the latter will naturally affect population growth. 
To test this point further, studies were made on the 
fecundity of the adults from two series: 1, those in 
which the larval stage was given different amounts 
of food and 2, those in which the larval stage de- 
veloped on a given amount of food in groups of 
different sizes. In both types of treatment, adults of 
different sizes were produced as a result of different 
degrees of larval feeding. Table 5 presents the fecun- 
dity, the adult sizes, the group sizes and average 
amounts of food available per capita during the 
period of larval development. In Figure 5 a correla- 
tion curve drawn from the data from both series 
is given. It is shown that the largest flies have an 
average fecundity of 80 eggs per day. The average 
fecundity drops progressively to 30 for the medium 
sized flies. A further reduction of adult size is rela- 
tively less effective, since the smallest flies have an 
average egg production of about 15 per day. The 
significance of this relationship will be discussed in 
later sections. Here, the attention is called to the 
fact that adults may show a fecundity only one-fifth 
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Fic. 5. The relationship between female size as indi- 
cated by wing length and the number of eggs laid per 
female per day during the first ten days. 
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PopuLaTION GROWTH IN Drosophila Melanogaster 








TaBLe 5. Effect of Adult Size on Fecundity. 

Number of Larvae in a 

group fed with 0.2 

eee 5} 20 40 60 80 
Average amounts of 

larval food (ec.)...... 0.04 |0.01 (0.005 (0.0033 |0.0025 
Number of Tests....... 6| 13 12 14 12 
Length of females 

pupae (mm.)........./3.15 3.09 | 2.59] 2.17] 1.98 
Wing length and width 

of female adult....... 2.00-|1.88-| 1.73-) 1.50-| 1.27- 

flies (mm. ) 1.05 {1.01} 0.90] 0.80; 0.70 
Eggs laid in first ten days | 674 | 711 469 243 153 
Average daily egg laying |66.0 |71.1| 46.9| 24.3) 15.3 

















that of the normal if the larvae get a low rationing 
of food. 


EGG VIABILITY STUDY 


In the development of the rearing technique it was 
noticed that when the eggs were covered with food 
mixture their viability decreased. It was also noticed 
that some eggs sank into the agar medium in culture 
bottles. Harley (1929) described higher yields when 
he supplied the culture bottle with paper. He attrib- 
uted this partly to the fact that “there was less 
danger of pupae or eggs being buried and suffocated 
in the working over of the medium by the larvae.” 
All these facts suggest the possibility that the egg 
mortality caused in this way may be a determining 
factor in the shaping of the population growth curve. 
However, several questions are to be settled. Are 
those eggs commonly found beneath the medium sur- 
face buried by the larvae in working over the medium ? 
Do such buried eggs hatch, or if not, are they killed 
by the submergence? Inasmuch as no critical study 
was found in the literature, experiments were designed 
and carried out to answer these questions. 


THE BuryING OF Eas By LARVAE 


In this experiment 17 mm. cylinders with sealed 
blotter bottoms were used. Agar medium dises were 
employed and one drop of the yeast-water mixture was 
placed on the medium surface. One hundred eggs 
which had been killed by keeping them at 0°C for 1 
day were transferred into each cylinder on the medium 
surface. Larvae 1, 3, and 5 days old were also trans- 
ferred into such cylinders at densities of 20, 50 and 
100. After 24 hours, the number of eggs that dis- 
appeared from the medium surface was recorded for 
each case. Five to six replicates were made for each 
larval age and density and the results are shown in 
Figure 6. 

It is clear from these data that the number of eggs 
that disappeared from the medium surface increased 
with the number of larvae present in the culture and 
also with the age of the larvae. This leaves little 
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Fig. 6. Percentage of eggs buried in 24 hours by larvae 
varying in number and age. 


doubt that the eggs were buried in the medium as a 
result of larval activity. 


ViaBILity OF Eacs Buriep 

Two variables were used in this experiment, namely 
the covering substance and the age of the eggs buried. 
Two types of covering substance were used in two 
series, the yeast water mixture and the agar medium. 
In the first series, 100 eggs 0 to 2 hours old were trans- 
ferred onto a small piece of moist blotter. They were 
kept moist in Petri dishes and in a humidified cham- 
ber at 27°C. Four to 6 of the lots were covered 
up with a drop of yeast-water mixture every two 
hours until 16 hours after the eggs had been laid. 
Tests of longer periods were not necessary because 
at 27°C, the eggs started to hatch after 18 hours. 
They were examined at least 24 hours after being 
covered at a time when the viable eggs should have 
hatched. The examination to determine the number 
of eggs and larvae present in the food drops was made 
easy by placing the blotter between two glass micro- 
scope slides. For the second series, where agar 
medium was used as the covering substance, 100 eggs 
were transferred onto a mat of agar medium which 
was spread on a small piece of moist blotter. At 
every 4-hour period up to 12 hours, 12 of the lots 
were covered up with glass slides which were pressed 
gently down so as to embed the eggs in the agar 
medium. Control preparations from which the glass 
slides were removed showed that the eggs had not 
been injured by this handling. These experiments 
were also kept in the humidified 27°C chamber and 
were examined at least 24 hours after being covered. 

The viability for both series is shown in Figure 7. 
It is shown in the results that the viability of the un- 
covered eggs was 91.8 per cent and that the eggs 
covered by either the agar medium or the yeast-water 
mixture had a very low viability. The effect of 
covering showed little change on eggs incubated up to 
14 hours but was less on those 16 hours old. It is 
also shown that a higher viability resulted from cover- 
ing the eggs with the yeast mixture than covering them 
with the agar medium and glass slide. When the agar 
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medium was employed without being seeded to yeast 
it affected egg viability just as much as the yeast 
mixture, a fact which suggests that mechanical suffo- 
cation was the primary cause of the lowered viability 
rather than competition for oxygen caused by the 
presence of living yeast. 
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AGE OF EGGS IN HOURS 
Fig. 7. Viability as affected by burying eggs of differ- 
ent ages. 


From the above experiments, we know that larval 
activity causes the eggs to be buried and to show a 
lower viability; and that the intensity of this effect 
varied with the age and number of the larvae present 
in a culture. As has been mentioned previously, the 
interference effect of larvae on fecundity is also de- 
pendent upon the number and age of the larvae pres- 
ent in the medium. In other words, at a certain larval 
population density in a culture, the number of eggs 
laid by the females will be reduced; and of the rela- 
tively small number of eggs laid, a portion will be 
buried and killed. As a result, there will be fewer 
larvae produced. The two processes are additive and 
both are intraspecific in nature. Regulatory actions 
of this type would affect the entire pattern of popu- 
lation growth. ; 

The direct assay of the effect of larval disturbance 
in decreasing fecundity and viability was technically 
difficult to perform in the agar medium cultures. 
But circumstantial evidence was accumulated along 
several lines. Comparisons were made mainly on the 
pupal production of populations started either with 
egg laying adults, with eggs, or with young larvae. 
When young larvae were used as the starting popu- 
lation, the changes both in fecundity and in egg 
viability were eliminated from the picture. While in 
the case in which eggs were used, the change in fecun- 
dity was not a factor, only the change in egg via- 
bility being involved. With egg-laying adults, both 
fecundity and egg viability were present as variables. 
Comparisons of this nature will reveal the actual 
existence of such factors in the development of the 
population and will be discussed in the next three 
sections. 
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Larval DENSITY AND THE REDUCTION OF 

Fecunpity AND EGG VIABILITY 

Two parallel series of experiments were done to 
study fecundity and the final pupal production in 
eylinders with different interior diameters. Cylinders 
of four different sizes were used in both series. The 
cross section of the largest one was about twice as 
large as that of a half-pint milk bottle, and the small- 
est in the series was only 4s as large. For the feeun- 
dity test, the cylinders were set on an agar medium 
floor on which one drop of honey-yeast mixture was 
placed. Single pairs of pretested adults were trans- 
ferred into each of the cylinders. The eggs deposited 
were counted daily for 10 days after which the agar 
surface was renewed. For the pupal production test, 
cylinders sealed on glass plates were filled with agar 
medium to the depth of from 1 em. in the smallest to 
2 em. in the largest. Yeast was seeded as usual. 
Single pairs of adults having normal fecundity were 
introduced into each of the cylinders and were kept 
there for 10 days, then removed. Pupae were removed 
and counted as they appeared during and after the 
10-day period of adult residence. Six replicates were 
made for each cylinder size in both series. 

The total production of eggs in one series of cham- 
bers and that of pupae in the other for the 10-day 
period are shown in Table 6. The relative number of 
pupae produced in the second series of chambers is 
expressed as percentage of the number of eggs de- 
posited in each of the chambers in the first series. 
These values are not directly comparable but they 
do suggest the difference between potential produe- 
tivity and that fraction of the population which 
reached the pupal stage. Although both egg pro- 
duction and pupal production decreased in the eylin- 
ders covering small surfaces, the percentage of the 
potential feeundity realized as pupae shows a more 
marked reduction in the smaller cylinders. It is 
obvious that the final pupal number represents the 
number of eggs deposited minus the number of indi- 
viduals in the egg and larval stages that died during 
development. So an increase in larval mortality has 
the same effect as a decrease in fecundity and egg 
viability, as far as the pupal production is concerned. 

In the present experiment, besides the amount of 
surface available, the amount of agar medium also 
varied with the cylinder size. It is easy to conceive 


TaBLE 6. Egg Production and the Number of Pupae 
Resulting When Adults are Maintained on Medium Sur- 
face Areas of Various Diameters. 








Diameter of cylinders in mm...| 60.4 | 33.5 | 17.0 9.9 
Surface area in square mm.....| 2864 | 885 | 227 77 
IMI Sioa 3 555 sawed nieces 779.7 |718.0 |701.7 | 591.8 
TRING 55 a0 oa wis events ow. tos 281.3 |151.4 |110.8 | 69.4 
Percentage of pupation......../ 36.3 | 21.1 | 15.8 | 11.7 
Average length of pupae inmm.| .... | .... 3.59) 
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that a small volume of agar medium delimits yeast 
growth, and as the result brings about a heavier lar- 
yal mortality. For a proper evaluation of the role of 
surface area in the reduction of fecundity and egg 
viability, it is necessary to rule out the larval mor- 
tality caused by food deficiency. For this reason a 
supplementary test was made to find out how many 
larvae can actually develop and pupate on a known 
amount of agar medium. For the sake of convenience, 
the 17 mm. cylinders were used. The agar medium 
was prepared as before. Instead of adults, different 
numbers of newly hatched larvae were introduced 
in order to control the initial size of the larval popu- 
lation. Three replicates were made for each density 
of 100, 200, 300 and 500 larvae. The pupae were 
removed as they appeared, counted and measured 
daily. The number and the average size of the pupae 
formed were recorded as indicated in Table 7. In 
Figure 8, the amount of pupation is plotted against 
the number of larvae introduced (curve A), and the 
size of pupae (curve B). Data for both plots were 
taken from Table 7. It is shown by interpolation 
that the pupal size drops steadily and that the num- 
ber pupating is highest with an initial population of 
300 larvae. In Table 6 it can be seen that an aver- 
age of 110.8 pupae were formed in the 17 mm. 
cylinders. This number is indicated by the line C 
in Figure 8. It is clear that an Gntroduction of 147 
larvae and of about 530 larvae will both result in 
approximately 110 pupae, although the average 
pupal length in the two cases will be very different, 
about 3.6 mm. in the first case and 3.0 mm. in the 
second case. If there had been 530 larvae present, 
the pupal length would be expected to be around 
3mm. Since the length of the pupae was 3.5 mm. 
it is apparent that the number of larvae present in a 
17 mm. cylinder as given in Table 6 was around 147, 
rather than 530. Yet the number of eggs laid, with 
the same surface area but under more favorable con- 
ditions, was about 700 (Table 6). The reduction from 
the potential egg production of 700 to the actual 
productivity as indicated by the 147 larvae present 
is much greater than would have been expected from 
infertility. So there must be a reduction either of 
adult fecundity or of egg viability, or a combination 


of both. 
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initial larval population and the pupal production in 
17 mm. tubes. 
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TABLE 7. Number of Pupae Resulting from Various 
Numbers of Larvae in 17 mm. Cylinders on Various Days 
After Hatching; Average Length of Larval Development 
and Average Pupal Length. 





| 
NuMBER OF LARVAE INTRODUCED 























Days SS 
| 100 200 300 | 500 
REx tienen ees 
Berets a = 
” SE eee net bak 5.3 
Be etches ee 3.3 AS Re. 5.3 
at eee 70.6 33.0 18.0 6.6 
_ RE Coe erent: 5.6 70.3 70.7 10.6 
ebitadok reek owas 1.3 25.3 56.0 6.3 
_ a er eee 0 9.3 24.3 8.6 
,_ SND eens Dea 0.3 3.3 10.3 13.6 
ERE Reese ‘ide 1.3 9.0 10.6 
Ae ere 0.6 3.3 17.6 
RSS REY Peer ree 0.3 13.3 
_| SERS ice eae 9.3 
_ Se oe eae 8.3 
See eee ee 7.3 
Total pupal 
production.........| 81.1 143.1 191.9 | 123.0 
Average length of 
larval stage in days. 5.08 6.00 6.81 9.57 
Average pupal 
length in mm....... 3.75 3.30 3.25 2.99 

















Therefore, a small surface reduced fecundity and 
egg viability to a much greater extent when larvae 
were present. The results may be explained if we 
assume that the reduction is brought about by larval 
disturbance and that the disturbance is more intense 
at the high density which occurs on a small surface 
area. 

In addition to the total pupal production, the aver- 
age number of pupae formed each day and the aver- 
age length of larval development also were computed 
and are to be found in Table 7. The significance of 
these data for understanding population growth in a 
culture bottle will be discussed in a later section. At 
the present moment, attention is called to the fact 
that the average larval developmental period is longer 
with higher densities and the spread of the pupation 
period is also greater. The same type of distribution 
naturally would be expected for adult emergence. 


LARVAL DISTURBANCE AND EGG VIABILITY 


Homeopathic vials filled to a depth of 14% em. 
with agar medium and seeded with a few drops of 
yeast-water mixture were used for this investigation. 
In tests 1, 2, 3, 4, 5, 8 and 9 various numbers of 
5-day old larvae and newly hatched larvae were in- 
troduced as shown in Table 8. In tests 6 and 7, two 
pairs of adult flies were placed in a vial for one day. 
They laid a number of eggs, 50 of which were allowed 
to remain in the vial, the remainder being removed. 
In test 6, fifty 5-day old larvae were introduced into 
vials while only eggs were left in the vials in test 7. 
The pupae that appeared later on in each vial were 
removed and counted daily. The results are shown 
in Table 8. 
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TABLE 8. Pupal Production Resulting from Initial 
Populations of Various Numbers of Eggs and Young 
Larvae. 
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In series 8, where only old larvae were present, 
no pupae appeared after the third day. In series 9, 
where only young larvae were present, no pupae ap- 
peared before the fifth day. And in all the vials, 
there was no pupation observed on the fourth day, 
with the exception of series 5, where an average of 
0.8 pupae appeared. Therefore we are very safe in 
considering that those pupae which appeared before 
the third day developed from the five day old larvae 
and that those which appeared after the fifth day 
must have developed from the young larvae. By this 
means, the pupation of the different age classes was 
separated as shown in the table. 

The principal contrast is found between series 6 
and 7. With a starting population of 50 eggs, those 
without the co-existence of old larvae showed a pupa- 
tion of 79.6 per cent while those starting in the pres- 
ence of 50 old larvae showed a pupation of only 
25.2 per cent. This cannot be a matter of depletion 
of food by the old larvae, because 86.2 of the 100 
young larvae (series 9) and 92.4 per cent of the 
50 young larvae (series 1) pupated under identical 
conditions. 

There could be mortality during the larval stage, 
and the mortality might have been affected by the 
presence of old larvae. This factor, however, is evalu- 
ated by the series 1 to 5 where 50, 40, 30, 20 and 10 
young larvae were present with 50 old larvae. Special 
attention is called to the series 4 and 5. There, 
with a starting population of 50 old and 20 young 
larvae (series 4) an average of 16.1 of the latter 
survived to pupate; and with a starting population 
of 50 old larvae and 10 young larvae (series 5), 9.4 
of the young larvae pupated. Thus, had there been 
20 or 10 larvae hatched out in series 6, there would 
be, respectively, 16.1 or 9.4 pupae formed. Since we 
had 12.6 pupae formed in series 6, by interpolation, 
only 15 eggs would have hatched. This reduction of 
egg viability is associated with the presence of old 
larvae, and presumably is due to the effect of old 
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larvae covering up the eggs with yeast or medium, or 
pushing the eggs down into the medium. This finding 
is important in showing that the low viability of 
buried eggs, as found in an artificial set-up, does 
occur in a more natural one. 


THE RELATIVE IMPORTANCE OF Foop AND 
LarvAL DISTURBANCE 


In order to study the relative importance of food 
deficiency and the reduction in hatching of eggs due 
to the presence of old larvae, experiments were con- 
ducted with culture vials 21 mm. in diameter and 
75 mm. in height. They were filled with agar medium 
to a depth of 2 em. and each planted with a small 
amount of dry yeast. They were stopped with corks 
with a central hole 5 mm. in diameter that was covered 
with a fine mesh sereen. Four series were run, each 
with three replicates. One pair of flies was placed 
in each vial of the two series. In one of the vials 
4 drops of water-yeast mixture were added each day, 
from the third to the eighth day, and in the other 
there was no further addition of food. In the other 
two series, 40 newly hatched larvae were introduced 
each day, one of these series with addition of food 
as above and the other one without. To avoid flood- 
ing, the food mixture was dropped on a piece of blot- 
ter and dried, and then the dried mass was transferred 
to the agar medium. If the adults carried on normal 
oviposition and their eggs showed a normal viability, 
the series with adults would give results similar to 
the corresponding series with larvae introduced, be- 
cause 40 is the average daily egg production of one 
adult female under normal conditions. The introdue- 
tion of larvae was stopped on the 18th day in two 
series and the adults removed on the same day in the 
other two series. The pupae were removed and counted 
daily until no more appeared. The cumulative pupa- 
tion for the four series is shown in Figure 9. It is 
apparent that the series with larvae introduced gave 
higher pupation than those with adult oviposition, 
and that the addition of food also raised the number 
of individuals pupating. The effect of eliminating the 
prehatching mortality by introducing young larvae, 
and that of adding food are of about the same magni- 
tude and are additive. So it is reasonable to con- 
elude that in an unaltered culture, the two factors, 
the decrease in larval production and the mortality 
due to starvation are equally important in shaping 
the growth curve. 

Another significant point brought out by this set 
of data (Fig. 9) is in the fact that, the curves A and 
B, which represent the pupal production from young 
larvae show a smooth and gradual inerease, while 
curves C and D which represent the pupal production 
from egg-laying adults show a leveling off between 
the tenth and the eighteenth days. This contrast 
between these curves again supports the hypothesis 
that the pupal production from egg-laying adults is 
affected by the reduction in fecundity and egg via- 
bility. The former is the result of the previous build- 
ing up of a larval population and the latter is a 
result of the decline in the larval population. The 
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Fic. 9. Cumulative pupation in cultures with egg-lay- 
ing adults and young larvae as initial population, and 
with and without the addition of food. 


continuously increasing pupal production from the 
eultures with young larvae as the initial population 
further proves this point. 


LARVAL DEVELOPMENT STUDIES 


The egg laying habit of the adults brings about 
the aggregation of larvae even under natural condi- 
tions, and culture conditions produce even more severe 
confinement with a restricted resource. Inasmuch as 
the duration of the larval stage is the longest among 
the immature stages, it follows that intense competi- 
tion among larvae hardly can be exaggerated. Fur- 
thermore, the larval stage is the one during which the 
potentiality of adult fecundity is predetermined, as 
shown in a previous section. Although the importance 
of larval development and survival in the shaping of 
population growth has been postulated, little experi- 
mental data have been reported for Drosophila. 

With the new technique, the authors tried to explore 
the relationship between density and food and the 
survival of Drosophila larvae. As Utida (1943) 
pointed out, changing the number of individuals in a 
space of fixed size and rearing the fixed number of 
individuals in spaces of different sizes do not yield 
similar results. In other words, in the case of the 
present study, even though the amount of food 
allotted to each individual in the group is the same, 
yet the survival may be different in one density as 
compared with another. 

For an exhaustive study on the complex of the re- 
lationships between food and density and the effect 
of these relationships on survival, hundreds of combi- 
nations of food quantities and larval densities should 
be tested. This point is illustrated in a diagram (Fig. 
10). We have taken arbitrarily the densities shown 
on the top of the diagram, namely, 1, 5, 10, 20, 40, 60, 
80, 100, 120, 160, 200 and 240 larvae as the ones to 
be studied. And by taking 0.2 ce. of food as the 
unit amount, decreasing amounts of food for each 
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Fig. 10. Diagram showing the combinations used in 
testing the effect of larval number and the amount of 
food available. 


individual were set up as shown in the left-hand 
column. It would be desirable to test all the combi- 
nations in the whole block, but since work of this type 
is too laborious and in some eases is not necessary, 
only a number of strategic combinations were tested. 
These tests form transects crossing the entire block 
of combinations, and are of key importance in 
clarifying the whole complex. It must be under- 
stood, however, that more valuable information 
would be obtained if it were possible to test all 
the combinations. The experiments are designed to 
investigate the following points. First, to establish 
the food requirement for the normal development of 
single larvae. Secondly, to devermine larval response 
when reared at different densities and when each in- 
dividual in the group is given, on the average, the 
same amount of food as a single larva. In the third 
place, to learn the mechanism involved if differences 
were found in survival between the single larvae and 
groups of larvae. And finally, to establish the reason 
for the distribution of mortality during the period 
from hatching to pupation at various densities. 

The first three points were studied in three series 
of experiments, indicated in the diagram as 1, 2, 
and 3. Im series 1, single larvae were reared on 
different amounts of food. In series 2, larvae at dif- 
ferent densities were reared on a unit amount of 
food, namely 0.2 ce. In series 3, groups of inter- 
mediate sizes were tested. In these three series, pupa- 
tion was recorded and the adult size measured. The 
fourth point was studied in a fourth series, which 
is not indicated in the diagram. In this series combi- 
nations similar to those of series 2 were tested. In- 
stead of measuring adult sizes and counting the pupae, 
the number and size of surviving larvae were noted 
after different time intervals at each density. 

In the tests in the same horizontal row, in Figure 
10, each individual in a group was given, on the 
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average, the same amount of food as given to a single 
larva although the numbers of larvae were different. 
Those in the same vertical column have the same 
density and are different with respect to the amount 
of food given. In other words, the densities of the 
combinations are the same with respect to food and 
are different with respect to space in the first case, 
and the reverse is found in the second ease. 


Foop REQUIREMENTS OF SINGLE LARVAE 

The essential food of Drosophila is yeast. In eom- 
mon practice the yeast is made moist and kept suitable 
for the larvae by being on an agar medium. Such a 
practice, however, permits the yeast to grow and 
change in quantity at all times. As has been pointed 
out, the amount of food required by a single larva for 
its normal development is the basie reference point 
for a study of larval competition, and yet, with the 
ordinary technique it is impossible to make a quanti- 
tative determination of the food requirement of Dro- 
sophila larvae because of yeast growth. However, with 
the technique used in this study, the yeast is kept 
moist and therefore in suitable form for larvae, yet 
the growth is very slight because there is little access 
to carbohydrates. The determinations of food con- 
sumption were made because they are of basic im- 
portance for an understanding of the role of food 
in population growth as a whole as well as for de- 
termining the nature of the competition among larvae. 

Larvae not more than 24 hours old were transferred 
singly to individual cylinders, 17 mm. in diameter 
and 45 mm. in height, in which different amounts of 
1:1 water-yeast mixture were placed with a fine drop- 
per, 0.2 ce. being chosen as the unit. Different frac- 
tions of the unit amount were tested, namely, %, %o, 
%o, Yo, ¥0, Moo and 420 (ie. 0.04, 0.01, 0.005, 
0.0033, 0.0025, 0.002 and 0.0016 ec.). Six to fourteen 
replicates of individual larvae were made for each 
test. The percentage of pupation and the adult meas- 
urements were taken and are given in Figure 11. 

The percentage of pupation remained at 100 with 
0.04 down to 0.0033 ce. of food, or a range of 
0.0367 cc. Further decrease in the amount of food 
by as little as 0.0008 ee. and 0.0023 ce. reduced the 
percentage of pupation to 33.3 and 0 respectively. In 
other words, a slight decrease in the quantity of food 
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Fig. 11. The relationship between amount of food and 
larval development. 
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below 0.0033 ce. has a very severe effect on larval 
survival. Somewhat in contrast to this the adult 
size showed very little change when the amount of 
food decreased from 0.4 to 0.01 ce. Although a 
further reduction of food to below 0.01 ce. caused a 
marked decrease in adult size. 

It is apparent then, that 0.01 ce. of the food mixture 
used in this experiment was enough for the normal 
development of a single larva. With 0.01 to 0.0033 ee, 
of food larvae could still survive and pupate, but 
they produced adults of subnormal sizes. No larvae 
completed their development with as little as 0.0025 ce, 
of food or less. 

It seems reasonable to conclude that the minimal 
figures stated above are indeed near minimal because 
of quantitative considerations. The yeast-water mix- 
ture contained approximately 15 per cent dry material 
or 1.6 mg. per 0.01 ce. Full sized pupae weighing 
about 1 mg. when alive have approximately 0.3 mg. of 
dry material. The lowest amount. of food allowing 
pupation (0.0033 ce.) would supply 0.54 mg. dry 
weight for the growing larva. Because the technique 
employed makes it unlikely that any larva would 
succeed in getting all the food supplied, and because 
some material must be used for energy with resulting 
loss of a certain amount of dry material via respira- 
tion, it would seem that these figures are near minimal 
since the lowest amount of food giving dwarf adults 
was only about three times the dry weight of the flies 
obtained, and the more satisfactory amount (0.01 cee.) 
was only about five times the weight of the flies. 


LARVAL DEVELOPMENT AT DIFFERENT 
PopuLATION DENSITIES 


In this study 0.2 ce. of a 1:1 water-yeast mixture 
were used in the standard larval rearing chamber. 
Larvae less than 24 hours old were transferred onto 
the food. The densities tested were 5, 10, 20, 40, 
60, 80, 100, 120, 160, 200 and 240 larvae. Four to 
six replicates were made for each density. The num- 
ber of pupae that appeared in each chamber was 
counted and the wings of emerged adults were meas- 
ured. In making the measurements, the reference 
points used by Alpatov & Pearl (1929) were adopted 
except that instead of the first costal break, the base 
of the longitudinal vein IT (of Sturtevant, 1920) was 
used as the basal point for length measurement. This 
point was used because it is more clearly defined. 
Therefore, for the same wing, the length given in this 
paper would be slightly larger than if measured by 
the methods of Alpatoy & Pearl. From the number 
of larvae transferred and the number of pupae ob- 
tained, the percentage of pupation was calculated. 
These results are presented in the upper part of Table 
9 and in Figures 12 and 13. 

The results indicate that the percentage of pupa- 
tion dropped in almost a straight line relationship 
with an inerease in density from 5 to 160 larvae. 
Above 160 larvae the drop was much slower. Mor- 
tality occurred even at the very low densities of 5 
and 10 larvae. This may be due to some injury to 
one or two larvae from handling, a relatively large 
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fraction in such small samples. The actual number it is also smaller toward the higher densities because 
of pupae formed at different densities reached its of heavier mortality. The size of adults decreased 
peak between 60 and 120 larvae. The number is_ very little at low densities and it dropped abruptly 
smaller toward the low densities because of the fact when a density of 60 was reached. At the highest 
that there were lower populations to begin with, and density in this experiment, namely, 240, the adult size 
was equivalent to that of those reared at a density 

50 a of 80. 
The above points show the relationship between 
food amount and population density as they affect 







475 2? ‘ 4 " nf aia 
© PERCENTAGE OF PUPATION 3 survival and the size of adults, the significance of 
© NUMBER PUPATING 3 ‘i : 
2 2 which will be discussed later. At the present moment, 
© Or . . 2 
é 5 however, attention is called to one or two related facts 
a 450 : . ' > P ° 
@ S worth mentioning. The first of these is the increase 
$ g in adult size at the highest density. A similar case 
= = is reported by Vladimerova & Smirnov (1938) for 
425 2 


Musca domestica and Phormia groenlandica. They 
transferred Musca larvae onto 5 gm. of fresh beef 
liver with 25 different densities, ranging from 1 to 
Se 100 150 20¢ 8c 700. The average weight of the pupae formed was 
ere dre determined in each case. Their data show that the 

weight dropped considerably with an increase of 
density up to 550, then it increased again at the den- 
sity of 700 to a weight which was equivalent to that 
of the pupae reared at densities lying between 350 
and 400. In Phormia, where the greatest density 
they used was 500 larvae on 5 gm. of liver, the same 
phenomenon occurred. Here, the pupal weight 
dropped to a very low point at the density of 200 
and then rose again. At the density of 400, the pupal 
weight was about the same as that of a density of 
80, following which there was a sharp drop at the 
density of 500 where the mortality was 99.94 per cent. 
From a similar line of study, Salt (1932) gave results 
on mass rearing of the larvae of Lucilia sericata. He 
used 20 densities ranging from 30 to 300 larvae on 
Fig. 13. Effect of larval population density on size and 10 gm. of minced lean beef. In this case, the weight 
potential fecundity of adults produced. of full grown larvae dropped from the normal of 


Fig. 12. Effect of larval population density on larval 
development as measured by pupation. 
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TABLE 9. Larval Population Density in Relation to Larval Development. 
































No. of larvae in | | | | | 
agroup........ | 5 | 10 20 | 40 | 60 | 80 | 100 120 | 160 | 200 | 240 
Average amt. of | | | | | | | 
food per larva | | | 
Wc cscs cs| COE 0.02 0.01 | 0.005 0.0033 | 0.0025 | 0.002 | 0.0016 | 0.0013 | 0.001 | 0.0008 
stepmania 4 6 si 8] 8) 8} @) @7 4% 4 | 5 
| | | | | | | 
Number pupated...| 4.8 8.7 | 16.0 | 32.0 | 38.8 | 45.5 | 40.8 | 44.3 | 6.6 | 10.7 | 2.0 
| | } | 
Percentage of | | | | | | | 
pupation........| 95 | 86.6 so | 80 | 64.7 | 56.9 | 40.8 | 36.9 | 4.1 5.3 | 0.8 
Female wing | | | | | 
length........ |} 1.92 1.91 | 1.90 | 1.84 | 1.66 | 1.49 | 1.38 1.34 | 1.36 1.33 1.49 
WiGtl. ........- |} 1.01 1.01 | 1.01 | 0.97 0.89 | 0.79 | 0.75 | 0.72 | 0.72 0.71 0.81 
| | | | | | 
Male wing | | | 
lena... |} 1.68 1.67 1.65 | 1.62 1.43 | bam | 1.2 | 2.30 | 1.20 1.23 | 1.32 
a | 0.91 0.91 | 0.91 | 0.88 0.80 | 0.71 | 0.68 0.67 0.64 0.68 | 0.69 
Average fecundity | a i) ete 4 | | | | | 
of the individuals| 73} 73 72 | 60 30 | 23 | 19 | 18 | 19 18 | 23 
Potential fecundity | | | | | | | | | | 





of the group.... . | 173.4) 316.1 576.0, 960.0 582.0} 523.3) 387.6) 398.7| 62.7 96.3) 23.0 
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0.05 gm. to a minimum of 0.0165 gm. at a density 
of 300. There was no rebound in weight as in Musca, 
Phormia and Drosophila, but the mortality at the 
highest density in Salt’s experiment was only 54.3 
per cent whereas the rebound occurred at densities 
with a mortality higher than 90 per cent with the 
other three dipterous species. It is highly probable 
that this same phenomenon would occur in Lucilia 
with a more severe food shortage. Vladimerova and 
Smirnov interpreted this rebound in pupal weight 
as a result of scavenging, and due to some thing other 
than a density effect. But it seems probable that it 
may be a phenomenon associated intimately with an 
extremely high density or extremely low food supply. 
Although the present work offers no explanation as 
to its cause, it suggests the need for further investi- 
gation. 

One more point of interest is the fecunidty of the 
adults produced from larvae rearing at various den- 
sities. From the adult size fecundity curve in Figure 
5, the approximate potential egg-laying capacity of 
adults from each density was obtained by interpola- 
tion. When these figures are multiplied by half of 
the actual number of adults that emerged from the 
respective population densities we thus obtain the 
potential fecundity of all the females that emerged 
from each group. The change in the potential fecun- 
dity is shown in the lower part of Table 9 and also 
in Figure 13. For simplicity, the sex ratio used in 
the calculation was 1:1, and the feeundity of the 
adults of a given size is taken from the daily average 
oviposition for the first ten days of adult life. There- 
fore the numerical values given in Table 9 represent 
only the relative magnitudes of feeunidty. An inter- 
esting point brought out by this calculation is the fact 
that the peak of potential fecundity of the adults de- 
veloping from larvae reared at the various densities 
falls in between the larval density giving rise to the 
highest adult emergence and that giving rise to the 
largest adults. Another interesting poiat is that wing 
length and potential fecundity both drop sharply near 
the point of 0.0033 ce. food per larva, which was the 
critical point for larvae raised singly. 

To facilitate comparison, the percentage of pupa- 
tion for single larvae and for larvae reared in groups 
are combined in Figure 14. The seales on the abscissa 
show the number of individuals in a group given 0.2 
ee. of food, and also show the equivalent amounts of 
food for single individuals. The amount of food given 
to the single individuals decreases from right to left 
on the curves. The group sizes increase in the same 
direction, therefore, the amount of food given to 
each individual, on the average, is also decreasing in 
that direction. The two tests given on the same 
abscissa differ only in larval numbers and are the 
same in the amount of food offered to each individual. 
If all the individuals in a group consume the food 
at the same rate, and exert no action of any kind on 
other individuals in the same group, the two points 
on the same abscissa should coincide. But an exami- 
nation of the results reveals an interesting contrast. 
Figure 14A shows that the percentage of pupation 
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Fic. 14. Development of single larvae and grouped 
larvae. 


of single larvae remains at 100 per cent until the 
food level drops below Yo of 0.2 ce¢., and then drops 
abruptly to 0 per cent at a food level of “oo of 
0.2 cc. Whereas for the grouped larvae some mor- 
tality occurs even at very low densities and some 
pupation takes place even at very high densities. 
The turning point lies between densities of 60 and 
80 individuals. At low densities, Figure 14B, the 
larvae kept singly resulted in larger adults than those 
produced from groups. This relationship is reversed 
at high densities, the turning point coming at a den- 
sity of 10 larvae. 

To account for the difference between the single and 
group individuals, two possibilities exist. First, in 
groups, some larvae may consume more food and de- 
velop faster than others, and at the time when the 
food is exhausted some larvae develop far enough 
along to pupate, while others do not. As a result, the 
successful competitors actually consume more than 
their share and result in larger adults, while few 
adults emerge. Whereas in the ease of single larvae, 
the rate of feeding has nothing to do with the amount 
of food that they can obtain. In the second place, 
some larvae in a group may interfere with the others 
during feeding or in some other way. As the result 
some are suppressed and eventually die out even be- 
fore the food is actually exhausted. In this way the sur- 
vivors again will have had a larger share of the food. 
In other words, in a group, some individuals may die 
of lack of food in one case and may die from some 
other interference exerted by other individuals in the 
other case. These two possibilities were evaluated in 
the following tests. 

In order to find the cause for the change from a 
higher percentage of pupation for single larva to a 
lower one for grouped larvae or vice versa, tests were 
made with three quantities of food: 0.003 (%o of 
unit amount), 0.005 (440 of unit amount), and 0.002 
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(4400 of unit amount). To supply intermediate 
points, four to five densities lying between single 
larvae and groups of 40, 60 or 100 were selected. For 
example we found that single larvae supplied with 
0.002 cc. of food gave 0 per cent pupation, and that 
larvae in groups of 100 supplied with 0.2 ce. i.e., 100 
times as much food as given to a single larva, showed 
39.0 per cent pupation. In these two tests the same 
amount of food was made available to each individual, 
yet the percentage of pupation changed from 0 to 
39 with an increase in group size. For this reason 
5 group sizes intermediate to 1 and 100 were set up, 
namely, 5, 10, 25, 50 and 75 


10400, 75100, "400, and 


larvae. They were 
given 3100, *%oo of the unit 
amount of food, so that each individual in any of the 
Yoo of the unit 


amount, or 0.002 ce. Similar experiments were made 


groups was given, on the average, 


for group sizes of 40 and 60 individuals. The combi- 
nations are shown by the blocks marked “3” in the 
diagram in Figure 10. The results are summarized in 
Table 10. 
represent both the percentage of pupation and adult 
The readings in the 


The readings on the same vertical column 


size for different group sizes. 
same horizontal row differ one from the sther in the 
amount of food given to the individual, either for 
single individuals or for groups of different sizes. 


TasLe 10. Effect of Population Density and the 
Amount of Food on Larval Development as Measured 
by (A) Percentage of Pupation and (B) Female Wing 
Length in mm. 





Amount of food in fraction of unit 
ration of 0.2 cc. given to each 
individual in a group 


1/40 1/60 1/100 
A B A B A B 

Group sizes 

_ ET Rarer: 100 1.54 | 93.3 | 1.49 | O 

ee eseceee 76.7 | 1.59 | 80 1.58 | 52.0 

_ ae 73.3 | 1.72 | 70 1.57 | 36 
Aa eee fast | Rade | FE eZee me 
er celiry. Na vseCel I Greinayl staves (A Sa 1.36 
| ey eee diem | bode $0 
ee 76.3 | 1.72 | 67.5 | 1.68] .... 5s 
- Nee ee eer eee rer 1.30 
See ere ee se Gt ee eels 
ae 48.0 1.37 
. Se 39.0 1.47 


It is apparent that in all cases the main changes 
occur between single larvae and groups of 10 indi- 
viduals, regardless of the amount of food given to 
each individual. This implies that the mass effect 
takes place at a relatively low density. 

A comparison of the percentage of pupation and 
the size of the adults indicates a reciprocal relation- 
ship. This may be explained by the assumption that 
with more deaths more food is available to the sur- 
vivors which ean then develop into larger individuals. 
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LarVAL SURVIVAL AND GROWTH AT 
DIFFERENT GROWTH STAGES 

As has been pointed out before, it is of importance 
to study the distribution of mortality from hatching 
to pupation at different population densities. Find- 
ings of this kind may give some clue to the relation- 
ship between food level and the growth and survival 
of the individuals. 

Alpatov (1930a) published time-growth curves for 
wild type and vestigial mutant of Drosophila melano- 
gaster. His interest was in the genetical differences. 
He used 60 larvae per bottle throughout his experi- 
ments, while in the present study, 5 densities were 
tested; namely, 10, 40, 80, 120 and 200 larvae given 
the unit amount (0.2 cc.) of food. Larvae no more 
than 24 hours old were transferred into standard 
larval rearing chambers supplied with the unit amount 
of food, 0.2 ce. Rearing was done at 20°C, because 
a temperature lower than room temperature lengthens 
the developmental period and causes a greater spread 
between growth stages. Daily examinations on the 
number and size of the surviving larvae were made 
from the first day after the experiments were set up 
until pupation. Two replicates were made for each 
density and each time interval. The length of larvae 
was measured with the larvae fully extended in 
K.A.A.D. mixture (Peterson, 1943). The time when 
the food was apparently exhausted in the chamber 
was recorded. 

The results are shown in Table 11 and Figure 15. 
In Figure 15 the survival on the 8th day is supplied 
by data taken from the pupation values given in 
Table 10. 
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Fig. 15. The development of larvae of different ages 
reared at several densities. A. Percentage of survival 
and B. Larval length. 


One of the first things to be noticed in this experi- 
ment is that food exhaustion took place earlier in the 
series with higher densities. Also of importance is 
the fact that some mortality occurred even before food 
exhaustion in all cases, and that the final survival 
was lower at higher densities, although the survival 
at the time of food exhaustion was greater at the 
higher densities. But there was no abrupt change 
in the rate of mortality following food exhaustion. Of 
further interest are the data on growth rate which 
show that the growth of surviving larvae was practi- 
cally the same during the first two days at all den- 
sities. The two higher densities of 120 and 200 larvae 
showed signs of slow growth from the third day on, 
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TABLE 11. The Development of Larvae of Different 


Ages Reared at Several Densities. 





Larva Density 











Days 10 40 80 120 290 
A B A B A B A B A B 

Baus 100 | 1.49 | 96.2 | 1.36 | 96.9 | 1.09 | 87.5 | 1.22 | 94.0 | 1.00 
ee 95 | 2.23 | 83.7 | 2.09 | 87.5 | 2.29 | 86.2] 1.92 | 83.3 | 1.83 
Bian 95 | 3.24 | 87.5 | 3.11 | 80.6 | 2.92 | 80.2 | 2.36 | 80.7%) 2.23 
are 90 | 4.36 | 83.9 | 3.84 | 73.7 | 3.32 | 70.4*| 3.02 | 70.1 | 2.85 
Wiese 95 | 4.41 | 68.7] 4.06 |... ..-- | 66.2 | 3.53 | 66.7 | 3.27 
Qoises 85 | 4.64 | 75.0 | 4.45 | 70.0*| 3.80 | 54.1 | 3.56 | 53.5 | 3.60 
Tense oe Pieces Pccce | ace (ORM ESED | O08 1S. 1 37-5 

rere os mete B wena. h cece EEE ccoe BREE coee 5.4 



































A. Percentage of survival. 
B. Larval length in mm. 
* Food exhausted. 


and the others showed differential growth from the 
fourth day on. However, there was no abrupt change 
in the growth rate following food exhaustion. In 
other words, the surviving larvae still grew after the 
food apparently was exhausted. These results will be 
referred to later when their significance in shaping 
the population growth curve will be discussed. 


LARVAL SURVIVAL AND LENGTH OF FEEDING PERIOD 


It was shown in the previous paragraphs that the 
amount of food available to the larvae determined 
larval survival. The question naturally arose as to 
how old the larvae must be in order to be able to 
pupate without further feeding. Alpatov (1930) 
published data on this point. He obtained the 
normal percentage of pupation after larvae had been 
fed for 64 hours. Since his work was done on Wild 
Line 107, which might differ biologically from the 
strain of flies used in this study, similar experiments 
were run with our stock in order to obtain data 
that could be incorporated with the other findings 
reported here. 

Larvae not more than 24 hours old were reared at 
room temperature with sufficient food. Lots of 50 
were taken out of the food and transferred every 12 
hours to standard larval rearing chambers set up with- 
out any food. The number and size of the pupa ap- 
pearing in each case were recorded and are presented 
in Table 12. 


TABLE 12. Larval Development After Being Fed for 
Different Periods of Time. 


























Hours | Pupal | Percent-| Winc MreasureMENT | Potential 
of length} age of fecundity 
Feeding | (mm.)|Pupation| Female Male 
- ae - 0 _ - _- 
ae - 0 — — _ 
oe - 0 - _ - 
See - 0 ~ - - 
Se 2.03 12 1.29-0.70 | 1.16-0.59 17 
ee 2.20 78 1.46-0.77 | 1.30-0.69 22 
SE 2.54 96 1.69-0.90 | 1.45-0.81 39 
ree 3.01 96 1.86-1.01 | 1.68-0.89 | 62 
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It is shown that no pupation took place among the 
larvae fed for periods shorter than 60 hours. The 
incidence of pupation increased with the length of 
feeding time, and the normal percentage of pupation 
was attained after 84 hours of feeding. Any further 
lengthening of the feeding period had little effect. 
The size of pupae and adults also increased with the 
length of the feeding period. These results differ 
from those of Alpatov principally with respect to 
the effective duration of time for larval feeding. 
THe AmouNT OF FEEDING DURING THE LARVAL STAGE 
We have worked out the relation between the 
amount of food given to a larva and the size of the 
adult to be expected (Fig. 11), and the relation be- 
tween the length of the feeding period and the size 
of the resultant adults (Table 12). If we project 
the size of the adult that emerged from a larva fed 
for a certain period of time onto the curve in Figure 
11, then we will get the amount of food the larva 
consumed during that period, as shown in Figure 
16. By replotting the food consumed against time, 
we get the curve for accumulative feeding at the end 
of each different period of time (Fig. 17a) and the 
actual amount of food eaten in each of the several 
successive 12-hour periods during the larval stage 
(Fig. 17b). For comparison, the size of the females 
developing from the larvae given different feeding 
periods and the fecundity of these females also are 
plotted (Fig. 17¢ and d). 
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Fie. 16. Caleulated values for larval food consump- 
tion based upon the size of adults produced from larvae 
fed different amounts of food. 


It is shown that with the technique employed a 
larva should be supplied with 0.01 ce. of food for its 
full development. Nevertheless, 45 per cent of that 
amount will suffice for the development of an adult 
of normal size, but one showing moderate to low 
fecundity. Even as low as 25 per cent of the normal 
amount of food will permit a small fraction of the 
larvae to pupate and will give rise to undersized 
adults. A direct determination of the amount of food 
consumed during a certain period of larval life is a 
very difficult task. Therefore, in spite of the fact 
that this reconstruction involves errors, it is good 
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enough to at least show the magnitude of the differ- 
ence in food consumption during various stages of 
the period of larval feeding. 

Several interesting conclusions can be derived from 
this feeding curve (Fig. 17). A comparison of the 
curve for food consumption (curve a) with that for 
adult size (curve ¢) shows that there is a more or 
less parallel trend from 60 to 84 hours of larval 
feeding. It indicates further that the adult gets 
larger as the food consumption increases. At 96 
hours, however, the increase in adult size is not pro- 
portional to the increase in food consumption. This 
seems to indicate that the food consumed in the last 
12 hours of the larval stage, although it comprises 
half of the total amount required, has more effect on 
fecundity than on the increase in body size. This 
point is supported by a more closely parallel trend 
of the curves for food consumption and fecundity 
(eurve d). The fact that later feeding is more re- 
sponsible for the increase in fecundity than for in- 
crease in adult size also explains the ability for the 
larvae to pupate with relatively little feeding and with 
short periods of time for feeding. 
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Fig. 17. Amount of feeding, adult size and fecundity 
of larvae fed for different lengths of time. 


LARVAL SURVIVAL ON GROWING YEAST 


In the experiments discussed before, the food used 
was a water-yeast mixture in which the yeast growth 
was assumed to be very slight. This condition was 
necessary for the studies in which the actual amount 
of food available to the individuals was to be con- 
trolled. Then it is of interest to compare the results 
of larval feeding obtained by this method with those 
for larvae supplied with growing yeast. The experi- 
ment was carried on in the following manner. Larval 
densities of 10, 20, 40, 60 and 80 individuals were set 
up with 0.2 ec. of the honey-yeast mixture and a 
parallel series was set up with the same amount of 
the water-yeast mixture. Only one test for each con- 
dition was made. Pupation and adult size were noted 
and are presented in Table 13. The results showed 
such a distinet contrast between the two series that 
repetition of the experiment seemed unnecessary. 

It is shown that, in the presence of honey the per- 
centage of pupation remained high up to a density of 
80 larvae, whereas without honey it dropped con- 


tinuously. And the adult size dropped only half as 
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TABLE 13. Larval Development in Growing and Non- 
growing Yeast Media. 














| HONEY-YEAST | WATER-YEAST 
Number of larvae | (0.2 cc.) (0.2 cc.) 
in a group | ——) ——)—— , ——|—— ,—— , —— , —— 
| 10 | 20 40 | 80 | 10 | 20 40 | 80 
Number pupae | | 
ae 8 | 15 | 26 | 64 | 10 | 18 | 32 | 32 
| | 
Percent of pupation | 80 | 75 | 65 | 80 1100 | 90 | 80 | 40 
| 
Female wing | | | 
length, mm...... 1.90/1.93/1.89)1.67|1.87/1.88)1.61/1.32 
Male wing 
length, mm....... 1.64 aie .64/1.52/1.64)1.60)1.45/1.21 
| 

















fast in the presence of honey as in the absence of 
honey. Thus the growing yeast was a much more 
productive food than the non-growing yeast. This 
finding is important when we reflect upon the situa- 
tion to be found in the ordinary culture bottle, 
where yeast growth is possible, for the amount of 
yeast seeded is not all that is available for larval 
and adult food. 

At this point the results of a series of experiments 
dealing with larval growth and survival will be sum- 
marized briefly. 

1. With isolated larvae, 0.01 ee. of the food mix- 
ture was required for the development of adults of 
normal size and 0.04 ee. was required to produce those 
with a high fecundity. 

2. Under grouped conditions with 20 or fewer 
larvae feeding on 0.2 ce. of food, both normal pupa- 
tion and adult size resulted. 

3. The effect of grouping in general was to decrease 
the percentage of pupation and to increase adult size. 

4. The effect of grouping in decreasing the survival 
of larvae started before the exhaustion of food, al- 
though the exhaustion of food did result in a drastie 
decrease in survival. 

5. The mass effect of crowding started at the rela- 
tively low density of 10 larvae at all the three food 
levels tested. 

6. A growing yeast medium was much more pro- 
ductive than a non-growing yeast medium. 

It is apparent from the above facts that the indi- 
viduals in a group interfere with each other from the 
very beginning. It is abundantly clear also that as 
the density increases, the food exhaustion occurs at 
an earlier growth stage and fewer individuals accom- 
plish pupation. The continued growth of some indi- 
viduals in the group after food exhaustion may be the 
result of devouring dead larvae. The nature of the 
interference, whether physical, chemical or mechani- 
cal has not been determined. It may be different at 
different food levels, at different densities, and also at 
different stages of growth. 

Attention is also called to the fact that the cause 
for the results given in point 5 of the summary state- 
ment above are not known. They may be explained 
when information is available concerning the produc- 
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tion, accumuation and disposition of waste products. 
However, the satisfactory explanation awaits further 
investigation along chemical lines. 

The interaction of individuals with respect to food 
competition will be less keen under the condition 
prevailing in a culture bottle with a growing yeast 
population than under the present experimental con- 
ditions, where the yeast has little chance to grow. 


PUPAL VIABILITY STUDIES 

In the experimental results shown in Table 15, the 
viability of the pupal stage was also included. The 
percentage of viability and the average length of the 
pupae formed from larvae from different group sizes 
are presented in Figure 18. It is clear that there is a 
definite relationship between the average pupal size 
and their viability, the smaller pupae showing lower 
survival. Therefore larvae inadequately fed might 
be able to pupate and yet the pupae thus formed 
might fail to develop into adults. 


niall 


~ 
Se 






PUPAL VIABILITY, PERCENT 
te] 
WW ‘HLON3) Wand 


vn 
Dy 


© PUPAL VIABILITY 
@ PUPAL LENGTH 








° i i i L iL 1 4 4 i 
1020 40 6 80 100 120 160 200 250 
LARVAL DENSITY 





Fig. 18. The size and viability of pupae resulting from 
various larval population densities. 


The length of the individual pupae and the wing 
length of the adults emerging from them are plotted 
in Figure 19. They are directly proportional. 
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Fiu. 19. Relation between pupal length and adult wing 
length. 


ASSAY OF THE DETERMINANTS IN 
POPULATION GROWTH 
In the previous sections, we have made an analysis 
of some of the possible determinants in the popula- 
tion growth. The remaining part of this paper will 
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deal with the assay of those determinants considered 
to be important in the actual growth of a population. 
This assay of determining factors will be based on a 
census of growing populations, together with supple- 
mentary experiments made to clarify certain points 
by eliminating some of the factors in such a manner 
that the original characteristics of the populations 
are retained as much as possible. This type of ex- 
perimentation differs from the analysis presented in 
previous sections in the following respect: in the 
previous part, as many factors as possible were kept 
constant, while in this part, as many factors as pos- 
sible will be allowed to pursue their normal course, 
Two processes, natality and mortality, are empha- 
sized, since populations, numerically, are the function 
of them. The mechanisms involved in the changes in 
natality and mortality may vary from time to time 
during the process of population growth. But the 
findings in the previous part throw some light on the 
understanding of these mechanisms. 


THE GENERAL PATTERN OF PoPULATION GROWTH 


The studies on Drosophila population growth were 
earried out with shell vials 21 mm. in diameter and 
75 mm. in height. They were filled with agar medium 
to a depth of 2 em. and each planted with a small 
amount of dry yeast. They were stopped with corks 
having a central hole 5 mm. in diameter which was 
covered with a fine mesh sereen. This type of venti- 
lation was provided to avoid the accummulation of 
water and gases. Cultures started with pairs of flies 
three days old, known to show normal oviposition be- 
havior, were examined every othcr cay from the see- 
ond day to the 30th day after transfer, and an addi- 
tional three were examined on the 36th day. Cul- 
tures in which one or both of the parent flies died or 
were stuck to the medium before the emergence of the 
first filial generation were discarded. After that, the 
death of one or two flies was not as important as 
before, so no such precaution was taken. The cultures 
used in this series of experiments were not started 
on the same day, but the three examined at any time 
were started simultaneously. 

The procedure for examination was as follows: The 
vial was inverted over an ether bottle, until all the 
flies were anesthetized. The adult flies were then taken 
out and counted. Those pupae, pupal cases, eggs, 
larvae and dead adults that adhered to the wall of 
the vial were removed and their numbers counted. 
Then the mass of medium was taken out with a 
spatula, a small quantity at a time. This portion 
of the medium was smeared on a glass slide, on which 
another slide marked with cross lines was placed. 
They were pressed together gently until the indi- 
viduals of all stages became visible under a binocular 
microscope. Three sizes of living larvae were recog- 
nized by experience: those within 24 hours old (desig- 
nated as small), those mature er close to mature 
(designated as large) and those intermediate (desig- 
nated as intermediate). Eggs, pupae and pupal cases 
were easily recognized. Dead adults, entire or partly 
disintegrated in the medium, were recognized by their 
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head capsules which retained their form. All the 
individuals of different stages found in the bulk 
of the medium were counted in this manner. The 
counting was facilitated by the cross lines present 
on the top slide. The results are tabulated in Table 
14. These figures represent only the results of a 
census taken at 2-day intervals and cannot be evalu- 
ated without considering their worth and without 
attempting to analyze the interactions responsible for 
the descriptive representation of the population 
growth pattern. 

TaRLE 14. The Number of Individuals of All Stages 


of Development Counted at Two-Day Intervals During 
the Course of Population Growth. 
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Before going into an interpretation of these data, 
some of the possible sources of experimental errors 
will be discussed. 

The total egg count was based on all the eggs 
found even though it was recognized that some of the 
eggs present would have hatched on previous days if 
they had not died in the medium. Some of the un- 
hatched eggs certainly were dead because the yolk 
had shrunken to various degrees leaving empty spaces 
within the egg shell. In other cases the yolk may have 
shrunken to the point where such eggs would resemble 
the empty shells of hatched eggs. As a result, the 
number recorded may be smaller than the actual num- 
ber of living plus dead eggs, or larger than that for 
the living eggs alone. However, the recorded number 
represents the living eggs not yet hatched plus the 
unhatched eggs which died within 4 to 5 days because 
it was found that dead eggs were entirely disinte- 
grated after one week. 

Due to the fact that larval growth may be retarded 
under unfavorable conditions, some of the larvae iden- 
tified as small or medium may actually have been 
older than those of the same size grown under better 
conditions. 

Had the enumeration of pupal eases and the total 
number of adults been perfectly accurate, the number 
for pupal cases recorded should be the same as that 
for the adults emerged. But the count for pupal 
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cases was higher, and the difference became larger 
as the culture aged. Two possible factors might ac- 
count for this difference, the head capsule of some 
of the dead adults might be missed in counting, or 
some intact pupae might have been called empty 
cases. From experience, it is known that the second 
factor was more probable. The pupae buried in the 
medium tend to disintegrate after a period of time. 
This was especially true for young pupae in which 
the heavy sclerotized parts of the adults had not yet 
formed. Therefore, as a measure of the actual num- 
ber of adults emerged, the adult count was more re- 
liable. And, for total pupation, the sum of the num- 
ber of pupae and pupal cases was more accurate, 
since all the pupae were recognizable, whether pres- 
ent as pupae or as pupal cases. For this reason, the 
total number of individuals having pupated should 
always increase with an increase in population age. 
But in some cases, the data actually showed decreases. 
These obviously are due to the variation in population 
development in different vials. Therefore in smooth- 
ing the curves, such decreases were considered as ex- 
perimental errors. 

The analysis of the data in Table 14 will be pre- 
sented as a sequence of discussions on the egg, larval, 
pupal and adult stages as they fill their role in the 
dynamic course of population growth. Supplementary 
experiments carried out to clarify some critical points 
will be treated in their appropriate place. 


EGG STaGe 

Attention has been called to the fact that larvae 
ean kill eggs by burying them. For this reason it is 
necessary to determine how many of the unhatched 
eggs found at any time are viable and how many have 
persisted as dead eggs resulting from oviposition at 
some previous time. For example, the 83 eggs found 
in the medium on the 10th day comprise some laid 
within the previous 24 hours and not yet hatched, and 
also some laid on the 8th, €th or even the 4th day. 
The latter would be present only because they had 
been buried, and had died but were not yet disin- 
tegrated. The differentiation of the living eggs from 
the dead ones could not be done with the eggs taken 
out in counting, because they might be injured by 
rough handling. So an experiment designed to clari- 
fy this point was performed. The same procedures 
given above for preparing and examining the cultures 
were employed. Adult flies were removed 2, 4, 6, 8, 
10, 12 and 14 days after the start of the experiments. 
The egg counts were made two days after the removal 
of adults in all cases except for the first one which 
was counted the following day. Three replicates were 
used for each test. 

Since it was found that the incubation period under 
the experimental conditions did not exceed 24 hours, 
and egg production had been eut off for two days by 
removing the adults, all living eggs in the eulture 
should have hatched by the time of examination. Those 
eggs that remained unhatched at the time must have 
been dead. The number of unhatched eggs exceeded 
the usual percentage of infertility sufficiently to indi- 
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eate the existence of some other factors affecting 
viability. 

For comparison, the egg counts for the 2nd to the 
16th days given in Table 14 and the results froin this 
experiment are shown in Table 15 (a and b respee- 
tively), and illustrated in Figure 20A. 
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Fig. 20. A. Number of eggs recorded at 2-day inter- 
vals during the course of population growth (©) and 
the number of eggs found in similar cultures 2 days 
after the removal of adults (@). B. Caleulated num- 
bers of eggs hatched and adult fecundity. 


TaBLE 15. Changes in Egg Production at Various 
Stages of Population Growth. 
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| Number of} (2a—2b (4a—2b 
Age of | Recorded | eggs from |4a—4b.. .)|6a—4b. . .) 
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| eee 83.0 83 a 51 
Be cckd | 29.3 | 29 54 
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Rite ars | $2.0 | 29 51 
See | 76.0 | 76 47 
_ oe 28.0 | 29 47 = 
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Had we been able to obtain two egg counts from 
the same cultures, one on the day the adults were 
removed and one taken two days after, the second 
reading would never be higher than the first one, 
simply because there were no more new eggs added. 
But in the data shown there are two cases (4 and 
6 days) where the second count exceeded the first one. 
It is more logical to consider this as a variation 
without any real significance. With this reasoning, 
the authors took the liberty to smooth the curve as 
shown in Figure 20A. Further calculations were 
made with data from the smoothed curve. By such 
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calculations the hatching of eggs and the actual adult 
fecundity stand out more clearly as internal popula- 
tion control factors than would appear in Table 14, 
The number of eggs hatched and the number of eggs 
added currently are shown in Figure 20B. It is clear 
that egg viability dropped from the 4th to the 6th 
days and that feeundity dropped from the 4th to the 
Sth days. Robertson & Sang (1944) found (p. 263) 
that the fecundity of flies in a normal culture bottle 
dropped from the 6th day on and that by the 10th 
day the flies had stopped laying. This result is in 
full accord with the present one when one takes into 
account the fact that the flies used in their study were 
newly emerged while those used in the present study 
were three days old at the beginning of the experi- 
ment. Thus the events occurring on the 10th day in 
their culture would correspond to what occurred on 
the 7th or 8th day in the present study. The gen- 
erally lower fecundity in their study is also to be 
expected since they used a thinner substrate which 
exaggerates larval influence, to say nothing of the 
possible differences in strains of flies and the amount 
of food. 

In the light of the analytical study presented in 
earlier sections, this drop in feeundity and also in 
egg viability can be explained perfectly on the basis 
of larval interference, without the need for assuming 
that qualitative changes of yeast are responsible, 
unless that change referred to by Robertson & Sang is 
reversible. Robertson & Sang commented on larval 
activity by saying “That by the fifth to sixth days 
large numbers of larvae are present on the lids and 
that these have ploughed up the medium to some ex- 
tent.” Had their experiments been continued beyond 
the 10th day, they might have observed an increase 
in fecundity comparable to that in the present study, 
unless food were depleted. 

In short, in the population growth of Drosophila in 
a culture bottle the drop of fecundity starts far ahead 
of any change in adult density. Larval production is 
decreased by a low fecundity and a low egg viability, 
both of which are caused by the disturbance of older 
larvae. And furthermore the changes both in via- 
bility and in fecundity which take place in the cul- 
ture seem to be reversible. Thus, unless the qualitive 
changes in food are also reversible, a correlation be- 
tween the changes in fecundity and in food quality 
hardly can be expected. 


LARVAL STAGE 


The standing population of larvae in a culture is 
shown in Table 14. Numerically it is the number of 
eggs hatched minus the number of larvae pupated or 
dead. In Table 16, the number of eggs hatched on a 
given day is listed. Assuming that on the odd-num- 
bered days, the same number of eggs hatched as on 
the days when counts were made, then the actual addi- 
tion to the larval population in a two-day period 
would be twice as large as the number of eggs hatch- 
ing on the days when records were taken. On this 
basis, the increment of larvae in the two-day periods 
is calculated and given in Table 16 Column 3. The 
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increment of larvae plus pupae was calculated also. 
If there were no larval mortality, these two sets of 
figures should be the same, and any difference between 
them would indicate a larval mortality. In Figure 
21, curve “a” shows the actual change in the num- 
ber of larvae plus pupae. From the smoothed curve, 
we get this increment for any particular day (curve 
b). The number of hatched eggs is also plotted 
(eurve ¢). Due to individual variations, both in rate 
and capacity, there are points (4th and 6th days) that 
are theoretically impossible. However, one thing 
is clear, there is definite larval mortality from the 8th 
day on ranging from 25 to 50 per cent. From the 
20th day on, the mortality far exceeds egg hatching, 
and the larval population drops continuously at a 
high rate. On the 36th day, practically all larvae 
have died and, the point on curve “a” represents only 
the pupal population. 
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Fig. 21. Changes in larval population at various stages 
of population growth. 


TABLE 16. Changes in Larval Population at Various 
Stages of Population Growth. 








| | No. of | Incre- 

| | Larval larvae and| ment in 

| | incre- No. of | pupae No. of 

Age of | No.of | mentin| larvae from larvae 
culture | eggs | 2-day and = |smoothed and 
in days | hatched | periods | pupae curve pupae 
ee 33 66 53.3 | 53 53 
Dis ci.ctre 19 | 38 115.5 | 115 62 
s | 12 | 24 178.6 165 50 
Mecstcee] 6 | ee 172.3 | 180 | 25 
_, ee | &4 | 108 | 355.6 | 200 | 80 
ee 51 | 102 | 312.6 340 | 80 
ee 47 | 94 | 397.6 | 390 50 
SE, ee ee ee 25 
ss. | 430.6 440 25 
20 | | 667.0 667 227 
22 | 503.0 | 503 —164 
24 | 451.3 | 450 | — 53 
a | « | « }) 2a | 2 — 40 
a | «ws | « | @aae | oe — 35 
a . | o | 33 | 360 | — 2 
ae ea i | 326.3 | 326 | — 24 
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We learned in the analytical study that even if food 
is available, there is always a low early mortality 
among the aggregated larvae, and that the mortality 
increases to a very high percentage when the food 
shortage becomes acute. In the light of this finding, 
it is clear that a sudden increase in the larval popu- 
lation took place about the 20th day, and as a result, 
the food was badly depleted and the larvae started 
to die off. 

PuPAL STAGE 

The number of viable pupae is the total number 
pupating minus the emerged adults, the latter repre- 
sented by empty pupal cases, and minus the dead 
pupae. The pupal stage normally lasts less than 5 
days at room temperature. So the pupae present on 
a given day should become adults and leave only 
empty pupal cases 5 days later. If the total number 
of pupae (pupae plus pupal cases) is larger than the 
number of pupal cases recorded 5 days later, there 
must have been some mortality. The mortality in the 
pupal stage thus obtained was calculated. First, the 
total number of pupae and emerged adults (i.e. empty 
pupal cases) was plotted and are shown in Figure 
22 as curves a and b respectively. A duplicate of 
curve b was made on the basis of events occurring 
five days earlier in the time schedule (curve ¢). An 
example will explain this statement. In Figure 22, 
point a29 which lies at about 300 pupae represents 
the total number of pupae plus pupal cases present 
on the 29th day. Point b29 which lies at about 155 
pupae on the curve represents the number of pupal 
cases found on that day. The difference, a29-b29 
(or about 145 pupae) represents the number of un- 
emerged pupae. Not all of these were alive, but 
those (b34) which did produce adults within the next 
five days (i.e. before the 34th day) had to be alive. 
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Fig. 22. Changes in pupal population at various stages 
of population growth. 


This portion is represented by ¢29-b29, or about 30 
pupae. So the remainder, represented by a29-¢29 
(or about 115) were dead or were to die. This 
value, 115, was taken as the number of dead pupae 
on the 29th day (d29). The same procedure was used 
in ealeulating pupal number for other days to give 
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data for the curve showing the incidence of pupal 
death (curve d) for the entire period. 

The increment both in pupation and emergence 
was then obtained and is shown in Figure 23. It is 
clear that the incidence of pupation (total pupae) 
was the highest on the 4th and 5th days. It dropped 
gradually to a low point on the 14th to 18th days, 
and then came up to a second peak on the 24th to 
26th days. The curve for dead pupae follows the 
same trend, except that all the individuals pupating 
after 32 days died. 
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Fig. 23. The increment of the total number of pupae 
and the number of dead pupae. 


It was observed that some pupae were submerged 
in the medium and also that some died on the vial 
wall. In order to study the relative importance of 
death at these sites as the population developed, ex- 
periments were carried on in the following manner. 

Cultures prepared in the same way as before were 
used. Adult flies were removed on the 2nd, 4th, 
6th, 8th, 10th, 12th and 14th days after the start 
of the experiments. All the other stages were allowed 
to remain in the culture and to develop, except those 
in the 2- and 4-day series where the pupae were 
removed along with the adults. 

From the first day when adult flies were removed, 
all adults emerging thereafter were removed and 
counted daily. This part of the experiment will be 
presented and discussed later. The numbers of the 
pupal cases and the dead pupae both on the vial 
wall and in the medium were counted until all the 
adults had emerged. These counts are presented 
in Table 17, and also in Figure 24. It is shown 
that more pupae died as the culture aged. The 
death rate in the medium remained fairly constant 
throughout the series for 14 days, whereas that 
on the vial wall increased in the older cultures. 
In other words, pupal death in the early stage of 
population growth is entirely due to submergence 
of pupae in the medium, but as the culture ages, 
more and more pupae die on the wall. Two ob- 
served facts may account for this phenomenon. 

1. The pupal length decreased as the cultures aged, 
averaging 2.69 mm. for the pupae formed in the 4-day 
series and only 2.21 and 2.14 mm. for the dead pupae 
found toward the end of the 28- and 30-day series 
respectively. We have shown that pupae of small 


Ecological Monographs 
Vol. 20, No. 3 


100r- 


© TOTAL NUMBER OF DEAD PUPAE 
@ PUPAE DIED ON WALL 
% PUPAE DIED IN MEDIUM 






N 
go 
ay 


NUMBER OF PUPAE 
te} 
T 





Nn 
uw 
T 








1 4 4 1 1 j 
1°) 2 4 6 8 10 12 14 





TIME IN DAYS 


Fig. 24. Pupal mortality in the medium and on the 
walls of the rearing chamber over a period of 14 days. 


TABLE 17. Pupal Mortality in the Medium and on the 
Walls of the Rearing Chamber over a Period of Fourteen 
Days. 








Age of Total number Number of Number of 

culture of pupae pupae died pupae died 

in days died on wall in medium 
» EE Ae 27.0 0 27.0 
ORE 44.6 16.6 28.0 
_ eee 53.6 9.6 44.0 
ee oere 43.6 19.6 24.0 
a 51.0 23.0 28.0 
A 68.0 27.0 41.0 
| ene 80.6 42.3 38.3 














size may fail to emerge. So those pupae dead on the 
wall probably developed from larvae that were in- 
adequately fed. 

2. Some of those pupae stuck to the wall were 
detached by the wandering of mature larvae on the 
wall in preparation for pupation. This detachment 
occurred only during the peak of pupation. 

Therefore we can conclude that during the early 
stages of population growth more pupae die from lar- 
vae interference, and toward the later stages, more 
pupae die as the result of partial starvation of larvae. 

Another significant point is revealed by a com- 
parison between the pupal production of an undis- 
turbed population and that of one from which all 
the pupae produced by a single pair of adults were 
removed daily as they appeared. The former is 
shown in Figure 22a, and the latter is given in 
Figure 9c. For comparison, these two curves are 
drawn together (Fig. 25). Curve b represents the 
pupal production to be expected from the parent pair 
alone, if the reproduction of the filial generation did 
not participate. It is interesting to note that both 
eurves show similar trends. Therefore it is clear 
that the pupal production resulting from a single 
parent pair will represent two sigmoid curves over- 
lapping each other. The implication of this is that 
this shape of the pupal population curve is not unique 
for a situation in which there is the production of 
two successive generations, for it also deseribes what 
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happens when the pupae are removed. The difference 
in the magnitudes of the two curves indicates the re- 
sults of the reproduction of the filial generations, 
which is about the same as that of a single initial 
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Fig. 25. Pupal production during population growth 
and from single parent pairs. 


ADULT STAGE 


The numbers of living and dead adults present at 
each census are shown in Table 20, and the cumula- 
tive total adult population compared with the number 
of dead ones is shown in Figure 26. It is apparent 
that there are two peaks of emergence occurring one 
after the other. The adult emergence of the first filial 
generation started on the 10th day. Some more 
adults emerged daily thereafter until the 22nd day, 
and on the 28th day the second filial generation 
emerged. The flies showed a low death rate up to 
the 20th day, and from there on, the mortality sud- 
denly increased. At the time when the second gener- 
ation emerged, practically all the flies of the first 
generation were dead, while those of the second filial 
generation died within one or two days after their 
emergence. This sudden change in mortality on about 
the 20th day can be correlated with the sudden in- 
crease in larval population which could have depleted 
the food considerably. 
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Fig. 26. The total number of adults and the number 
of dead adults at various stages during population 
growth. 
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There are three main questions around which the 
growth of the adult population may be considered: 
first, what is the origin of adults in the cultures with 
respect to the time when they start their develop- 
ment as eggs, and what effect does the rate of larval 
development have on the appearance of adults in the 
culture and in shaping the population growth curve; 
second, what is the significance of the fact that ovi- 
position is reduced as adult population density in- 
creases or the age of the culture increases; and third, 
how do the results obtained in this study compare 
with those reported by other authors. 

We have seen that both fecundity and egg viability 
drop before the adult density has been changed by 
the emergence of filial generations. Then the ques- 
tion arises as to the effect of egg production, on sue- 
cessive days, on the final adult population. To answer 
this question, the experiments of which a part of the 
data has already been given for pupal mortality 
(Table 17) were utilized. In those experiments eul- 
tures were inhabited by adults for 2, 4, 6, 8, 10, 
12 and 14 days, the new adults appearing being re- 
moved and counted daily. The accumulative adult 
emergence for all the tests is presented in Table 18. 
The same data are illustrated in Figure 27, and a 
curve (heavy line) representing the adult counts from 
Figure 26a is also shown. As we have mentioned, 
the total adult production comprises two peaks of 
emergence. From Figure 27, it is shown that the 
egg production within the first two days from the 
initial pair of adults made up 80% of the adult 
production of the first peak, and that of the first 4 
days almost completed the first peak of adult emer- 
gence. This is to say that the oviposition during the 
first four days can be considered as “effective ovi- 
position” because increases in adult population were 
the result. Further, on the fifth to the ninth days, 
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Fig. 27. Filial generation adult emergence on succes- 
sive days following the removal of adults from the eul- 
tures at intervals of two days. 
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although adults were present in the cultures and some 
larvae were produced, practically no adults were 
added to the population. Not until the 10th day was 
reached was there effective oviposiiton again and the 
second peak of adult emergence started. After the 
population had been growing for 14 days, nearly all 
of the effective oviposition had been realized. There- 
fore, it is the larval production contributed by the 
initial population during the first four days, and the 
larval production contributed by the first filial gen- 
eration for about six days that results in adults. 


TABLE 18. Filial Generation Adult Emergence on 
Successive Days Following the Removal of Adults from 
the Cultures at Intervals of Two Days. 



































Days 2 4 6 | 8 | 10 | 12 14 
acs . 
Se a 
Rissa Om i. es 
S.. t tt sic ae 
eee fe, DOES i. nxt 
26 28}... isha 
ae .. | 29.6 | 18.6 | * ea 
Rscaia 48 | 42.0 | 34.0 | 39.0/ ... ths 
See 52 | 61.0 | 48.3 | 54.0 | * aad 
eee 65 | 69.0 | 56.0 | 61.6 | 71.0] .... | ... 
Re 68 | 73.3 | 60.6 | 68.6 | 78.3 | * 53% 
| See 69 | 78.0 | 64.3 | 75.0 | 84.6 | 81.3] ... 
ee 69 | 83.0 | 69.0 | 80.0 | 89.6 | 85.0 | * 
| eee 73 | 87.3 | 70.6 | 80.3 | 91.3 | 87.6 | 81.3 
78 | 88.6 | 74.0 | 83.3 | 95.6 | 87.6 | 88.6 
(ORAS 80 | 90.0 | 78.6 | 84.6 | 98.6 | 88.6 | 91.0 
Ree 81 | 92.3 | 77.3 | 85.3 | 99.6 | 93.6 | 91.6 
19.. 94.3 | 79.6 | 89.3 | 99.6 |102.0 | 92.6 
re 94.3 | 83.0 | 91.6 |105.6 |108.6 | 96.3 
eS 94.6 | 84.3 | 92.0 106.6 |..... 103.6 
| EY 95.0 | 85.6 | 92.6 |107.3 |121.6 | 111.6 
—_ ae mre: ' ) pee eee me) ..... 
Sen .. | 93.0 |113.0 |126.3 | 127.6 
«aie 93.0 |120.0 |130.0 | 134.0 
ees .... {126.0 132.3 | 142.3 
see 129.3 |134.0 | 147.6 
Dcas: ve [weve | cece | oes fe Bee | TS 
Ries ov fevans | aces | cocn fr oo oe 
hele tie Dhak pies Pee) en 156.6 
ae . Paks ee 158.0 
— ee Re tee Peer Sey eee 158.3 
: See ne nae Ramee Sentied Spe iete Senne 158.3 
Total —— | | 
Adults.| 81 | 95 | 87 | 93 130.3 |134.6 | 158.3 

| | | | 





*Adults removed. nx 
+48 pupae removed which should have been allowed to remain in the culture 
until emergence and then removed as adults. This error in procedure mages it 
necessary to consider all these pupae would have emerged as adults before the 10th 
day. It perhaps results in a little higher reading, because out of these 48 pupae, 
some might not have emerged. 
+t26 pupae removed by the same error in procedure. 


The logistic nature of Drosophila population growth 
has been considered as the result of a leveling off 
of the birth rate or an increase in mortality as time 
advances. But the present study demonstrates that 
the curve of adult emergence for the first production 
period of four days (and possibly even that of the 
first two days) shows the same trend. And, further- 
more, the change in the pupal population developing 
from a group of larvae of the same age follows the 
same logistic trend. Curves in Figure 28 are based 
upon the data obtained in the experiments on pupa- 


Ec ne cen 
tion from larvae of different numbers introduced into 
the agar medium at the same time (Table 7). The 
sigmoid curves in Figure 28A show the cumulative 
number of pupae appearing on successive days. They 
are sigmoid in shape simply because the developmental 
period of some of the individuals was lengthened, and 
the distribution of the incidence of pupation following 
a skewed normal curve (Fig. 28B). Both facets men- 
tioned above point to the possibility that the logistic 
nature of the growth curve for adult populations re- 
sults from a differential developmental rate of the 
larvae that were produced within a relatively short 
period of time rather than from a leveling off of 
birth rate or an increase in mortality. 
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Fic. 28. Pupation from young larvae of various group 
sizes. A. The accumulated number or pupae. B. Daily 
rate of pupation. 


Even though it is shown that oviposition will de- 
crease sharply before there is any change in adult 
population density, the question still remains as to 
whether effective oviposition is altered by an increase 
in adult population density. To test this point the 
fecundity of adults which had been removed during 
the course of the experiments designed to study both 
the egg viability and pupal survival, was determined 
by subsequently observing their oviposition rate for 
one to two days by the standard method. The number 
of eggs laid by groups of adults during this test 
period is recorded in Table 19. 


TABLE 19. Oviposition Rate of the Adults Removed 
from Cultures at Two-Day Intervals Over a Period of 
Fourteen Days. 





Age of ] | 
cultures 2 4 6 8 10 12 | 14 





Average No. | 
of females.| 1 1 1 8.8 | 28.3 | 26.5 | 24.5 
Number of 
eggs laid 
Ist day. |36.6 |37.0 |28.2 | 9.8 | 35.0 |223 204 
2ndday.|.... |.... |.... {174.4 [207.5 |333.5 | 332.2 
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An average production of a group of flies as high 
as 333.5 eggs was obtained in oviposition cylinders. 
We would expect at least as much egg-laying in the 
culture vials, since the culture vials were somewhat 
larger than the oviposition cylinders used in assaying 
fecundity, and therefore created less crowded condi- 
tions. But that actually observed in the cultures was 
much lower (Table 15). Therefore, even though the 
density effect may decrease the fecundity of indi- 
viduals, the fecundity of the flies as a group must 
have been decreased by some factors in addition to 
adult density. There are two ways in which the cul- 
ture vials and the oviposition cylinders differ. In 
the former, the presence of larvae and the possible 
depletion of food may reduce oviposition. The change 
shown in oviposition rate on the two successive days 
of testing offers some clue as to the food situation 
in the culture vials. The number of eggs laid dur- 
ing the first day of the oviposition test was generally 
lower than that of the second day. In the tests on 
adults from the 8- and 10-day old cultures, the differ 
ence may have been due mainly to the fact that the 
flies were newly emerged and were in the pre-oviposi- 
tion period on the first day. The differences in the 
later tests are more indicative of a change in food 
supply. As was shown, oviposition rate increased 
after adults were transferred from insufficient food 
to a good food supply, and the oviposition on the 
second day after the transfer to good food was again 
higher than the first day. If the adults were kept 
on good food all the time, however, the change of 
oviposition from day to day would not be greater 
than that caused by individual variation and the 
effect of age. Thus, an increase in oviposition on sue- 
cessive days after removal from culture vials would 
indicate a previous deficiency in food. The degree of 
food deficiency could not be determined quantita- 
tively with the data and technique used. With this 
method of assaying there still remains the possibility 
that for tests beyond the 10th day some flies may 
have matured and laid more eggs on the second day 
than on the first day of the oviposition test. This 
possibility was realized too late to make a complete 
evaluation. But one test on this question was made 
with 12-day old cultures that happened to be avail- 
able. Three cultures, numbers 10, 6 and 16 were used. 
The adults in 6 and 16 were removed on the 12th day 
and were subjected to the oviposition test for the 
following four days. The adults in number 10 were 
allowed to remain in the culture vial, but any pupae 
present in the vial were removed in order to prevent 
the further addition of new adults. The adults left 
in this vial were then removed two days later and sub- 
jected to an oviposition test for two more days. The 
results of the oviposition tests are presented in 
Table 20. 

It is evident from Table 20 that the oviposition 
rate of the adults removed early from 6 and 16, in- 
creased progressively during the test period, and that 
of those from 10 also increased. But on the days 
when the two sets were both under the same food con- 
dition, the oviposition for 10 was again lower than 
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TABLE 20. Oviposition Rate Affected by the Previous 
Conditions in Culture Vials. 





| CULTURES 


—_——_—__—__—___—_—___—_—_—__| Difference 

6 and 16 10 in fecundity 
1-12 days....... . ™ — 
Se eee 223+ | 2 | — 
Teen Gay........... 335T * _ 
15th day.........1 530+ 122+ 408 


oe 5307 | 385T | 145 


*Flies in culture vials. _ ‘ : 
Flies transferred into oviposition cylinders. 


that of 6 and 16. Since the adults in 10 were com- 
parable to those in 6 and 16 both in number and in 
age, and the only difference between them was the 
fact that, in the latter, the adults had access to a new 
food supply on the first two days of the oviposition 
test, while those in 10 had access only to the food 
condition prevailing in the culture vial during the 
same period. Then the difference in oviposition rate 
on the 13th and 14th days of the oviposition test, 
as shown in Table 20, must again indicate a deficiency 
in adult feeding in culture vials. In summary, under 
the present experimental set-up, the parent flies build 
up the population during the first four days of resi- 
dence, although they live much longer. Another 
smaller production of adults is initiated by the first 
filial generation. Each of these increases follows a 
sigmoid curve, possibly with some overlapping, and 
together they produce most of the adult population 
ever present during the life of the culture. The 
adults present in the culture are exposed to a pro- 
gressive quantitative reduction in food, and probably 
some qualitative changes as well, and therefore show 
a decreasing fecundity up to the 20th day. From 
there on there is too little food to maintain an adult 
population. This phenomenon may account for the 
so-called toxic poisoning referred to by Bodenheimer 
(1938). 

A comparison of these data with those found in 
the literature was stated as an important aspect. 
In the literature, there are two studies on the growth 
of Drosophila populations which we can compare with 
this study. Pearl (1925) presented data on the adult 
population of Drosophila with an initial population 
of one pair of flies and with a half pint milk bottle 
as the container. His work covered a period of 36 
days. He found that the adult population growth 
followed a logistic curve, and that the asymptote was 
reached toward the last part of the experimental 
period. Bodenheimer (1938) presented data on the 
change in numbers of all stages of Drosophila dur- 
ing population growth. He used the same kind of 
container, but the initial population was two pairs 
instead of one. An equation for the logistic curve 
was derived from his data. In the present study, a 
much smaller container was used, and the initial popu- 
lation was one pair. These modifications were made 
primarily to conserve time and labor, but this turned 
out to be a fortunate combination because some addi- 
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tional information could be obtained. Bodenheimer 
used a large initial population and a large container, 
Pearl used a small initial population and a large 
container, while in the present study a small initial 
population was started in a small container. In 
other words these three experiments were different 
with respect to two important variables: the size of 
the environment and the size of the initial popula- 
tion. For this reason a direet comparison of certain 
important variables in population growth could he 
made. Interesting features were revealed by this 
comparison regardless of the fact that the three 
series of experiments were done by different workers, 
on flies of different strains, and with different media. 

In Figure 29, the data on living adults and total 
adults obtained by the three methods are presented. 
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Fig. 29. The growth of adult populations as given by 
various authors. 


They show the following points: 

1. The shape of the curves of the present study, 
both for living adults and total adults, resembles 
those of Bodenheimer, but the magnitude is much 
smaller. 

2. The shape of the curve from Pearl’s data re- 
sembles the curve for total adults in Bodenheimer’s 
data and that of the present study. 

3. As far as the population of living flies is con- 
cerned, the maximum population was reached on a 
much earlier date in the present study and in Boden- 
heimer’s than in Pearl's. 

These discrepancies, as well as the similarities, can 
be explained perfectly by the following theory. A 
population in a limited environment may increase in a 
logistic fashion, but, unless the size of the initial 
population, the reproductive potential, the pre-ovi- 
position period, ete., are properly adjusted to the 
environment the fluctuation around the asymptote 
will be very brief or even be lacking, and a crash 
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will immediately follow the production of the maxi- 
mum population. This crash is a result, mainly of the 
fact that the production of even one generation be- 
yond a certain critical population level overshoots the 
maximum capacity which the environment can sup- 
port. This overshooting, in turn, is the result of a 
combination of a small space for inerease, or a seanty 
food resource, with a high reproductive potential; 
under conditions where the density dependent factors 
have not yet had the chance to exert their effect. 

A erash was shown in the present study and in 
Bodenheimer’s at about the 16th day. This is due 
to a relatively high ratio of initial population to en- 
vironmental size. Pearl’s experiment in which he 
utilized a comparatively large environment and a 
small initial population, shows an asymptotic popu- 
lation, and the period of growth was also longer, 
Bodenheimer and Pearl used an environment of the 
same size, whereas in the present study, the environ- 
ment was smaller, and as the result of this the maxi- 
mum population comprised fewer individuals. 


BIoMASS 

The biomass is defined for our purpose as the sum 
of the individuals of all stages present at any time. 
A comparison of the biomass with the final adult 
population indicates the amount of pre-imaginal mor- 
tality. In Figure 30 the curve “a” shows the biomass 
on different days during scianiien growth. The 
curve “b” is plotted with the total number of emerged 
adults produced by the adults inhabiting the culture 
for various lengths of time (Table 18), and is ex- 
tended arbitrarily from the 16th day on. The differ- 
ence between these two curves indicates the portion 
of biomass that did not develop to the adult stage, 
i.e. pre-imaginal mortality. The curve “ec” roughly 
indicates the potential production of the biomass. 
Thus, the difference between curves “ce” and “a” indi- 
cates the difference between potential and pl 
biomass. 

It is shown that on the first two days of population 
growth, both the unrealized biomass and pre-imaginal 
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Fic. 30. Change in biomass in the culture during the 
course of population growth. 
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mortality are negligible, and that both increase pro- 
gressively as the culture ages. But before the 10th 
day, the unrealized biomass is relatively lower than 
the pre-imaginal mortality, and from the 10th day 
on, the unrealized biomass is progressively much 
greater than the pre-imaginal mortality. 

In Figure 31, the increment of biomass is shown 
as curve “a” and the population of large larvae is 
designated by curve “b.”’ The inverse numerical re- 
lationship between these two is striking. Curves 
from Bodenheimer’s data were made for these two 
values also (Fig. 32). Since he did not give the 
number of large larvae the total larval population 
was used instead. The same inverse relationship be- 
tween the larval population and the increment in 
biomass is found. They all seem to point to the 
importance of the presence of larvae in the decrease 
of biomass. This relation is to be expected from 
what we have found in previous discussions regard- 
ing the important influence of older larvae in redue- 
ing both fecundity and egg viability. 
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Fig. 31. Increment of biomass and the population of 
large larvae. 
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Fic. 32. Increment of biomass and the population of 
total larvae from Bodenheimer’s data. 


SUMMARY AND CONCLUSIONS 

The first part of the investigation includes an 
analysis of some of the factors affecting fecundity, 
egg viability, larval development and pupal sur- 
vival. The second part consists of a general cen- 
susing of all stages during the period of popula- 
tion growth and some supplementary experimenta- 
tion by which some of these factors were eliminated 
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in order to clarify important points. By integrating 
both parts of the study it is possible to map the se- 
quence of probable events and to evaluate their 
relative importance in the growth of a Drosophila 
population in a culture bottle. 

In the fecundity study, the following points were 
made: (1) A moist and rought surface was pre- 
ferred for egg laying to a surface consisting of agar 
medium or a yeast smear. (2) A source of carbo- 
hydrate, such as honey, was essential to normal adult 
life and a daily ration of 0.005 ec. of a 1:1 yeast- 
water mixture plus an excess of honey was sufficient 
to bring about normal fecundity. (3) The fecundity 
changed immediately with a change in the quantity 
of food. However, the conditions of previous feed- 
ing had a persistent effect on fecundity for a short 
time. (4) It was demonstrated that the presence of 
living larvae on the substrate reduced fecundity and 
also caused a shifting of oviposition from the sub- 
strate to the vessel wall. The intensity of this effect 
varied with the number and age of the larvae. And 
(5) a directly porportional relationship was found 
between adult size and fecundity. 

From the above findings, it is clear that the amount 
of yeast and honey is an important determinant for 
fecundity, and that the presence of larvae on the 
substrate definitely affects oviposition. 

In the egg viability study, it was found that the 
viability of eggs covered by the yeast mixture or the 
agar medium is much lower than normal. The death 
of such eggs was shown to be the result of sub- 
mergence. The co-existence of larvae with eggs in 
the medium was shown to be the important factor 
in egg submergence. This effect, as that of the larval 
interference with egg laying, was dependent also 
upon the number and age of the larvae. A com- 
parison was made of the pupal production resulting 
from initial populations of eggs and of young larvae. 
In the case of the voung larvae, the possibility of egg 
burying was eliminated. It was found that young 
larvae introduced gave rise to a greater pupal pro- 
duction than did eggs of the same number. The 
pupal production from egg-laying adults was also 
compared with that from young larvae planted in the 
medium in the same number as the average ovipo- 
sition under normal condition. In this case, the test 
with egg-laying adults as the initial population in- 
volved possible reductions in both feeundity and egg 
viability. It was found that pupal production from 
initial young larvae was higher than that from egg- 
laying adults, and that the addition of extra food 
again raised the production in both eases. Thus it 
is apparent that the presence of larvae on the sub- 
strate reduced both fecundity and egg viability. 

In the larval development study, the following 
points were made: (1) 0.01 ce. of a 1:1 water-yeast 
mixture was enough for the normal development of a 
single larva. With food amounts lying between 0.01 
and 0.003 ec. larvae could still survive and pupate, 
but they produced adults of subnormal sizes. On a 
dry weight basis these quantities of food were only 
3-5 times the weight of the pupae produced. (2) The 
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adult size and the percentage of pupation decreased 
with an increase in larval density in the presence of 
the same amount of food. (3) A rebound in adult 
size was found at extremely high densities where the 
mortality was also extremely high. (4) It was eal- 
culated that the peak of potential fecundity of the 
adults reared from larvae maintained at various den- 
sities fell between the larval density giving rise to 
the highest adult emergence and that giving rise to 
the largest adults. (5) The effect of grouping of 
larvae was to increase the size of the adults pro- 
duced at the expense of the survival of some of the 
larvae. It was demonstrated that the grouping effect 
became obvious at a relatively low density, and, fur- 
ther, that it was distinet even before food exhaustion. 
(6) A decreasing larval feeding period resulted in 
decreases in both survival and size of the adults 
produced. Feeding time of less than 60 hours re- 
sulted in no pupation. (7) A curve for the amount 
of feeding of larvae of various ages was reconstructed 
from previous data. It showed that the food con- 
sumed by larvae during the last 12 hours of larval 
life comprised about 50 per cent of the total amount. 
And this fraction of the feeding was responsible 
principally for building up the potential fecundity 
of the adults, rather than for an increase in body 
size. (8) Both the growth and survival of larvae 
were much better in growing yeast, such as is to be 
found in the medium of a culture bottle. It is appar- 
ent from the above facts, that the individuals in a 
group interfere with each other from the very be- 
ginning. With a definite amount of food, the higher 
the density, the earlier is the growth stage of indi- 
viduals at the time of food exhaustion and fewer of 
them can pupate. The growth of some individuals in 
the group after food exhaustion may be the result 
of devouring the dead larvae. The nature of the 
interference, whether physical, chemical or mechani- 
eal, was not investigated. It may be different at 
different food levels, and at different densities, and 
also at different stages of population growth. The 
significance of these findings for an understanding of 
the situation in the population culture should be 
evident. At the initial stage of population growth, 
the food is ample, but larvae suffer some mortality 
simply because they occur in aggregations. The 
larval mortality increases with a decrease in food 
availability principally as a result of the increasing 
larval population and consequent increase in food 
utilization. The drop of food level causes a slow 
larval development and a low larval survival, as well 
as a low feeundity. All these factors are important 
determinants in the growth of a Drosophila popu- 
lation. 

In the study of pupal survival, a definite relation- 
ship was found between the average pupal size and 
pupal viability. The smaller pupae produced from 
poorly fed larvae showed a lower survival rate. This 
finding indicates the possibility that adults emerging 
from older cultures with a low food level will show 
a low fecundity. 

The complete census of all stages during the period 
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of population growth was analyzed with emphasis on 
the increase (natality) and the decrease (mortality), 
It was found in the actual growth of a population 
under the present experimental set-up, that the adult 
feeundity of the first four days was expressed fully, 
The larvae produced developed at a greatly varied 
rate because of the inter-stage interference. A drop 
in larval production took place from the sixth day on 
when the larvae in the substrate became large and 
abundant enough to exert an interference effect on 
fecundity and egg viability. The larva thus pro- 
duced suffered mortality simply because of the effect 
of aggregation, since food does not seem to be the 
limiting factor. Thus cultures inhabited by one pair 
of flies for 8 days do not produce a greater adult 
population than those inhabited by adults for only 
4 days. And because of the wide spread in adult 
emergence as the result of this retardation in de- 
velopment of some of the larvae the adult population 
built up by oviposition during the first 4 days still 
follows a logistie curve. The building up of the 
pupal population in logistic fashion was demonstrated 
even for a group of larvae started at the same age. 
When the reproduction of the first filial generation 
reached its peak, a great number of larvae were pro- 
duced. As a result, a complete exhaustion of food, 
both for larval development and for adult reprodue- 
tion and survival, had taken place. At that time, some 
of the individuals produced by the first filial genera- 
tion developed far enough along to pupate and pro- 
duce small adults which died before they had a chance 
to reproduce. This fraction of the total adult emer- 
gence formed a second peak in the adult population. 

Under the experimental conditions chosen, with a 
relatively small environment and a small initial popu- 
lation, the adults of the first filial generation showed 
an increasing mortality from the time the larval 
population produced by them became abundant 
enough to deplete the food supply seriously. On 
about the 36th day, no living individuals were found 
and the experiment was terminated. The whole pat- 
tern of population growth tends to be prolonged if 
the environment is enlarged. However, if the initial 
population is enlarged accordingly, the same pattern 
of population growth as found in the present study 
would be expected. 

The entire growth of the adult population follows 
the course of two sigmoid curves, one overlapping 
the other. The first sigmoid eurve represents the 
production of the parent generation during the first 
four days, and the second curve describes the pro- 
duction of the first filial generation. It was demon- 
strated that, even if the production of the first filial 
generation was eliminated, the production of the 
parent generation still showed a second peak cor- 
responding to that produced by the first filial gener- 
ation, but smaller in magnitude. This second peak 
was produced presumably when there was no further 
interference because larvae were pupating at that 
time. It is also shown that the fecundity of adults 
of the filial generation, even though affected by den- 
sity in oviposition tests, was greater when they were 
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supplied with fresh food than when they remained in 
the cultures with larvae and a variable food supply. 
Certain conclusions are well established. The redue- 
tion in population increase takes place in the cultures 
before any change in adult density. It is only by 
such factors as the reduction of fecundity and egg 
viability due to larval activity, the larval mortality 
due to intra-stage interference and food shortage, and 
in addition, the effect of adult density in reducing 
fecundity, that the population growth rate can be 
brought down to the level shown by the census figures. 
And since there is an inerease in number after the 
majority of the larvae have pupated, the qualitative 
change in yeast is not likely to be the important cause 
of a drop in production. These findings, based on 
experimental methods provide the answer to Winsor’s 
inquiry, supplement Pearl’s explanation and demon- 
strate some of Bodenheimer’s postulations regarding 
the dynamics of Drosophila population growth. 

Although the growth of the population of Drosoph- 
ila melanogaster in a culture bottle was demon- 
strated to have the same sigmoid curve as the growth 
of human populations in certain geographic areas and 
that of a yeast population in a culture medium 
(Pearl, 1925), the dynamics involved are entirely 
different. With the magnitude of reproductive capac- 
ity and of food consumption exhibited by Drosoph- 
ila, a much larger environment, or a much more 
highly replaceable food resource than that available 
in a milk bottle is necessary if the population is to 
follow the same type of sigmoid curve as that for 
human and yeast populations. In other words, what 
Pearl considered as the asymptote was a temporary 
one, and the sigmoid curve thus obtained was only a 
portrait of a prolific family growth rather than pop- 
ulation growth in the usual sense. Something much 
closer to the real population growth of Drosophila 
was demonstrated by L’Heritier & Teissier (1933) 
under conditions of larger environment and sufficient 
food. 

The type of population growth exhibited by 
Drosophila melanogaster in culture bottles is actually 
more demonstrative of the outbreak-crash type which 
is also very common for population growth in nature. 
At the initial stage, the reproductive potential is 
almost fully expressed and it results in an outbreak. 
The increase in numbers takes place much before 
any density-dependent factors are effective. so that 
the production soon overshoots the carrying capacity 
of the environment and a crash follows. Under these 
conditions the establishment of population equilibria 
is nearly impossible. 

As we have mentioned, the present study includes 
only some of the determinants. Such factors as the 
successive changes of yeast growth in the culture 
and the chemical changes in the medium doubtlessly 
would be of great importance. Further investigation 
along such lines are urgently needed if we are to 
have a thorough understanding of the dynamics of 
Drosophila population growth. 
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ENVIRONMENTAL FACTORS OF SODON LAKE—A DICHOTHERMIC LAKE 
IN SOUTHEASTERN MICHIGAN 


INTRODUCTION 

Sodon Lake lies near the border line separating 
the deciduous forest and the “northern pine belt” 
regions in southeastern Michigan—West Bloomfield 
Township, Section 20; N. lat. 42°19’, long. 83°17’. 
It is situated in an ecotone region where the approach 
of eastern hemlock and white pine to the varied 
array of typical deciduous forest climax species is 
marked (Nichols 1935). In the latter structurally 
complex forest, oaks, hickories, ash, and red maple 
are well represented. In the environs of Sodon 
Lake some representatives of the northern coniferous 
forest such as aspen, Populus tremuloides, and tam- 
arack, Larix laricina, are likewise present and lend a 
more specific character to this immediate environ- 
ment. Of the three swamp forest types of the eastern 
hemlock region, the black ash—American elm—red 
maple type is represented to a minor extent at Sodon 
Lake. According to Hawley and others (1932) this 
type is to be regarded as “climax for the site.” Un- 
derlaid in part with peat deposits, this community 
appears to be relatively stable. Covering a few 
yards beyond to the water’s edge, tumps of loose- 
strife, Lythrum sp. and the swamp fern, Dryopteris 
sp. are conspicuous constituents of the herb layer. 
A peaty mat of a disjunctive nature is characteristic 
of the peripheral shore area while bordering the 
lake there are apparently restricted areas dominated 
by sedges, Carex sp., and rushes, Eleocharis sp. A 
detailed description of the plant communities which 
border the lake is given by Cain & Slater (1948). 

The length of the shore line is 612 yards and its 
relatively uniform outline is shown in Figure 1. The 
rush, Eleocharis sp., along with the stonewort alga, 
Chara sp. occupies the most shallow concentric zone 
of the lake. In places fragments of cattail, Typhus 
sp. are to be seen, while floating on the surface in 
shallow littoral waters a few patches of white and 
yellow waterlilies (Nymphea sp. and Nuphar sp.) 
are present. 

Below the Eleocharis zone a uniformly conspicuous 
Chara mat occupies the littoral zone to a depth of 
about 15 feet. Associated with the offshore range of 
the Chara is another stonewort, Nitella sp. intermit- 
tently distributed. An occasional constituent of the 
Chara community is the pondweed Potomogeton sp. 

The presence of inshore deposits of marl covered 
by a layer of peaty swamp bottom suggests that 
the level of the lake might, at one time, have been 
somewhat higher than it is at present. Offshore to 
a depth of a dozen feet or more, exceedingly soft 
marl deposits intermixed with partially broken down 
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Fig. 1. A bathymetric chart of Sodon Lake. (Data 
provided by courtesy of the Institute for Fisheries Re- 
search of the Michigan Department of Conservation.) 


plant and animal remains underlie the Chara mat. 

There is a small inlet on the northwest side of 
the lake having a width of about 5 feet at the mouth. 
The equally small outlet is on the opposite side of 
the lake. Whether or not there is a subterranean 
source of water is not known. 

Walnut Lake. For comparative purposes, a few 
observations were made on the waters of Walnut 
Lake, situated about two miles distant in the south 
half of Section 24, and the north half of Seetion 25, 
West Bloomfield Township. Irregular in outline, the 
length of the shore line is about 3.5 miles and the 
area of the lake is 232 acres. The following descrip- 
tive data are based on a report of the Biological 
Survey of Michigan (Hankinson 1908). The lake 
embodies a small but deep hydrographic basin. Three 
small streams enter the lake but only one of these 
is permanent. The single outlet is an artificial ditch 
dug about 1896, Between the shore and the deep 
part of the lake there is an irregular belt of shallow 
water less than 5 feet deep and in places 800 feet 
broad, the substratum being almost entirely marl. 
Beyond this shelf the sides of the lake basin are quite 








210 Curtis L. NEWCOMBE AND JOHN V. SLATER 


steep down to depths of from 30 to 60 feet, after 
which the slope is gradual to depths from 75 to 100 
feet. 

The chief bottom soil in the vegetation zone is marl. 
The peat area is confined to very shallow water and 
to areas now above the water level. It overlies beds 
of marl as in the case in Sodon. Communities dom- 
inated by Chara sp., horse-tails, Equisetum sp., eat- 
tails, Typha sp., pondweed, Potomogeton sp., duck- 
weed, Lemna sp., bullrushes, Scirpus sp., pond-lily, 
Nymphaea sp., water-lily, Castalia sp., hornwort, 
Ceratophyllum sp., swamp loosestrife, Decodon sp., or 
bladderwort, Utricularia sp. present interesting eco- 
logical contrasts. 

Regional Geology. Sodon and Walnut Lakes are 
located in Oakland County in the Defiance and Fort 
Wayne moraines of the Wisconsin Drift. Stanley 
(1936, p. 23) reports the depth of the entire glacial 
drift to be more than 363 feet in the Sodon area. He 
points to evidence suggesting that forests inhabited 
the region in interglacial time and that they were 
overwhelmed by the advancing glacier, possibly in 
Wisconsin time. Of biological interest is the vegeta- 
tive history of this general section as revealed by 
studies of fossil pollen (Potzger, 1932; Voss 1934; 
Sears 1935; Cain 1948). 

Both lakes are morainal depressions formed by the 
isolation of blocks of ice. Sodon Lake is surrounded 
in large part by morainal hills that afford protection 
against winds. The topography of the Walnut Lake 
area, with its irregular lines of low, rounded hills 
and numerous, poorly drained swampy valleys is 
typical morainal topography of a simple type. Hank- 
inson (1908, p. 169) points out that the drainage of 
the region in modern times is largely controlled by 
the ancient lines of drainage and that the modern 
streams find their way to the sea through valleys 
formed by glacial streams or by the outlets of 
glacial lakes. Significantly, these valleys and streams 
are known to be the lines of migration through which 
many species from the Mississippi Valley found their 
way into the Great Lakes region. Hankinson (1908) 
points out that Walnut Lake is largely a land-locked 
body of water to which fact he attributes its peculiar 
faunal characteristics. It would seem then that we 
are dealing with two rather unusual morainal lakes, 
one largely land-locked, and both relatively deep in 
relation to their surface areas. Sodon Lake, 58 feet 
in maximum depth, has a small surface area (5.7 
acres) and is protected against wind action by tree 
covered hills, while Walnut Lake, maximum depth 
about 101 feet, has a comparatively large surface 
area (232 acres) and is relatively unprotected from 
wind action. 

It has been shown by Newcombe & Slater (1948, 
1949) that Sodon is a dichothermie lake, one of three 
known natural lakes of this type in the United 


States.1 The physical, chemical and biological prop- 

1A fourth dichothermic type is Big Soda Lake. a small crater 
lake, situated near the town of Fallon, Nevada (Hutchinson 
1937, p. 70). 


ce ee 
erties of the waters of the lake are therefore of 
special interest. While it has not been possible to 
pursue a detailed study of the several limnological 
problems unfolded by our observations, nevertheless, 
there are certain general aspects of the ecologie prop- 
erties of these lakes which merit definition at this 
time. 

An ideal, undisturbed aquatic habitat for these 
studies, namely Sodon Lake, was made available to 
the Institute of Science for scientific study through 
the generosity of its owner, Mr. Gustavus D. Pope. 
The loan of considerable equipment by Wayne Uni- 
versity was possible through the courtesy of Professor 
Charles W. Creaser, Head of the Department of Bi- 
ology. Dr. Albert W. Hazzard, Director of the Insti- 
tute of Fishery Research of the Michigan Depart- 
ment of Conservation, kindly arranged to have a 
bathymetric chart made of Sodon Lake for our use. 
All of the specific conductance determinations were 
run at the University of Michigan by Professor Frank 
EK. Eggleton to whom we are greatly indebted for 
this and other valuable assistance. 

Thanks are expressed to Mrs. Eugene Hesz for 
valuable assistance in making organic matter determi- 
nations as weil as literature compilations and various 
types of tabulations, and to Messrs. Walter P. Nickell 
and Frank K. Knapp who assisted in the calibra- 
tion of collecting equipment and, on oceasion, in the 
collection of samples. A substantial part of the 
field records were made possible by the assistance of 
Dorothy M. Newcombe to whom our thanks are ex- 
pressed. We are also indebted to Professor G. 
Evelyn Hutchinson for reading the manuscript and 
offering valuable suggestions. 


METHODS 


Most of the records reported here were obtained 
at a station situated near the center of Sodon Lake 
where the depth was about 56 feet. Temperature 
readings were taken with a Foxboro resistance ther- 
mometer made available by a research grant to the 
Institute from the Michigan Academy of Science, 
Arts and Letters. Transparency was measured with 
a Secchi dise and with a Clarke submarine illum- 
inometer (Clarke 1939). For readings at depths 
near the light threshold the current was measured 
with a microammeter having a full scale deflection of 
30ua; otherwise one with a scale of 0-200ua was 
employed. In making the conductivity determina- 
tions for us, Professor Frank E. Eggleton used a 
“Dionie Water Tester” described by Suckling (1944, 
p- 198). 

Chemical determinations usually followed the 
methods of Ellis, Westfall, & Ellis (1946) or Birge 
& Juday (1911), or the American Public Health 
Association (1946). For hydrogen sulphide deter- 
minations, we followed Seott’s Standard Methods of 
Chemical Analysis (Furman 1939). On account of the 
high turbidity of certain intermediate and bottom 
layers, it was necessary to filter the samples through 
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a Number 2 Whatman filter. Soluble phosphate phos- 
phorus samples were transported in pyrex bottles. 
The water was filtered by means of a Berkefeld filter. 
In the ease of bottom waters, double filtration was 
necessary to remove what appeared to be colloidal 
sulphur. The time interval for a development of 
the fullest color was five minutes. The wave length 
employed was 6504 using a Coleman spectrophotom- 
eter. Analysis for total phosphorus was done in 
accordance with the method of Robinson (1941). 
Slight loss of phosphorus may have resulted from 
the evaporation reguired. 

Biological assays included measurements of the 
amount of centrifuged (particulate) organic matter 
and of the amount of attachment materials on a 
standard area of submerged glass surface per unit 
of time. The latter data are reported upon in a 
separate paper (Newcombe 1950). The methods for 
measuring these indices of water productivity fol- 
lowed the pattern used by Birge & Juday (1922) and 
Newcombe (1949 and 1950). The centrifuge samples 
ranged from 1 to 4 liters. The attachment surfaces 
were standard size, microscopic slides suspended in 
trays modeled after Miller (1936) and containing 18 
slides. Loss on ignition of the centrifuge plankton 
and of the attachment materials indicated the amount 
of organic matter (Newcombe 1949). 
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PHYSICAL FACTORS 


TEMPERATURE 


The nearest point to Sodon Lake at which meteoro- 
logical data are available is the Detroit Airport, sit- 
uated about 14 miles southeast of the lake. Monthly 
trends in respect to air temperature, hours of sun- 
shine and precipitation are given in Figure 2. It 
has been indicated by Newcombe & Slater (1949) that 
the thermocline in summer approaches exceedingly 
close to the surface (compare Smith 1940, p. 284). 
Figure 3 shows that below a depth of 30 feet there 
is very little seasonal change in the water tempera- 
tures. There is a high degree of thermal stratification, 
the thermocline extending from near the surface to 
approximately 24 feet depending upon the time. In 
the fall of 1947, the thermocline was on the point 
of disappearing by November 22 when it extended 
from 28 to 29 feet. The thickness of the thermocline 
during July and August was about the same in Wal- 
nut Lake as in Sodon, namely around 23 feet. How- 
ever, in Walnut it ranged from approximately 12 to 
35 feet as compared with 1 to 23 feet for Sodon. 
Expectedly, the time and extent of thermal stratifica- 
tion is closely related to the seasonal and vertical vari- 
ations in the concentration of gases and nutrient salts 
described here. The extent to which subsurface 
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Showing trends of the monthly averages of the daily means of maximum and minimum air temperatures 
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(Data from the monthly meteorological summary of the U.S. Department of Commerce Weather Bureau.) 
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OEPTH IN FEET 
Fig. 3. Showing temperature ranges during June 1947- 
June 1948 at different levels in Sodon Lake, Michigan. 





layers respond to fluctuations in air temperatures 
during the fall period can be seen in Figure 4 while 
the principal characteristics of the winter picture 
are illustrated in Figure 5. Findenegg (1935) in 
his extensive studies of dichothermie lakes, has 
shown that the five meromictic lakes of Karnten— 
namely Liingsee, Klopeiner See, Weissen See, 
Worther See and Millstitter See—have a slight 
temperature rise at the bottom amounting to from 
0.1 to 0.2°C. The depth in each lake at which 
a constant bottom temperature begins is subject to 
small differences from year to year, but the bottom 
temperature itself was found to be practically con- 
stant, the variation being less than 0.5°C. Big Soda 
Lake in Nevada studied by Hutchinson (1937) is 
strongly dichothermie. On July 23, 1933 he found 
that the temperature increased from 8.94°C. at 20 m. 
to 12.60°C. at 40 m. 

It is of interest to compare the vertical thermal 
changes between November 22 and 30, 1947. By 
November 22 the thermocline was reduced to a thick- 
ness of one foot—namely from the 28- to the 29-foot 
level where the temperatures were 42.2 and 41.7°F, 
respectively. Above the 28-foot level. the water was 
homothermous at 42.2°F. Below the 29-foot level 
the temperature gradually decreased to 40.9°F at 37 
feet and remained so for the next 7 feet after which 
it inereased to 41.2°F at the bottom. On November 
30 the temperature at the 37-foot level was still 
40.9°F. In fact this temperature was maintained up 
to the 32-foot level. Thus, during the intervening 
8 day period, there was a slight cooling effect within 
the 32-37 foot stratum. This effect ranged from 
0.1°F at the 36-foot level to 0.3°F at the 32-foot 
level. At the more shallow levels the drop was 
definitely significant being from 42.2 to 38.8°F at all 
levels between 9 and 24 feet (compare Newcombe & 





sone a 
Dwyer 1949). At the surface the drop was from 
42.2 to 37.6°F. It is clear that the water occupying 
mid-depth position in the lake has the temperature 
at which water reaches its maximum density. As is 
shown later, this is possible because of the high 
amount of dissolved substances in the bottom water. 

From December 8 until Mareh 2, 1948 the lower 
limit of the surface cooling effect appeared to drop 
from 30 feet to 33. The differences are small and a 
safe conclusion is that little if any cooling effect 
penetrated below a depth of about 30 feet. 

To aid in comparing the light as well as certain 
chemical factors in Sodon and Walnut Lakes, refer- 
ence is made to Figure 6 taken from Neweombe & 
Slater (1949). Seasonal differences in the vertical 
trends of temperature in Sodon Lake are demon- 
strated and it is also shown that the bottom tempera- 
tures are higher in Walnut Lake. Furthermore, the 
upper limit of the hypolimnion is considerably lower 
in Walnut Lake. As pointed out by Thienemann 
(1914), the temperature of the bottom water is, ex- 
pectedly, dependent on the geographical location of a 
lake, and when the lakes are in the same location, 
on the depth of the lake. We might expect, there- 
fore, that Walnut Lake with a maximum depth of 
slightly over 100 feet, would have lower bottom water 
temperatures than Sodon. But this is not the ease. 
Bottom water temperatures of Walnut Lake were 
found consistently to be around 43.7°F as compared 
with temperatures not exceeding 41.2°F for the bot- 
tom stratum of Sodon Lake. 


TRANSPARENCY 


While equipment for standard light measurements 
was not available, certain records were made that 
permit a comparison of the transparency of these 
two bodies of water. Turbidity readings taken at 
2:45 P.M., July 31, 1947 with a Cenco-Sheard-San- 
ford photelometer using a blue filter gave the follow- 
ing values: at 4 inches, 99.0; 16 feet, 99.0; 24 feet, 
92.0; 26 feet, 83.8; 30 feet, 83.0; 32 feet, 91.2, and 45 
feet, 93.0 (distilled water = 100%). Two days later 
at Walnut Lake six readings from the surface to 90 
feet were either 96 or 97. 

Secchi dise readings (diameter 20 centimeters) at 
Sodon Lake in August 1947 and May 10, 1948 were 
between 3 and 4 meters. On April 9, 1948, the 
reading was 1.5 meters. Juday & Birge (1933, p. 
207) found that out of a total of 470 Wisconsin seep- 
age and drainage lakes examined, only 33 had Seechi 
dise readings above 5.5 meters. The readings of 326 
lakes were below 3.5 meters, and those of 37 lakes 
were below 1 meter. Tressler, Wagner, & Bere 
(1940) report the maximum reading for Chautaugua 
Lake to be 5 meters in December 1936 and the mini- 
mum 2.0 meters in August, 1937. Eggleton (1931), 
who studied certain physical and chemical factors of 
Kirkville Green Lake, a dichothermie lake in New 
York state, refers to the remarkably intense bottle- 
green color in the water over the depths. It would 
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Fig. 5. Showing temperature trends during the winter season in Sodon Lake waters. 


seem that this color condition may have been due to 
sulphur bacteria. Although no transparency read- 
ings are given it is likely that the depth of light 
penetration was shallow. In a study of the Eifel- 
maare in the Rhine province of Germany, Thienemann 
(1912) recognized three groupings on a basis of the 
thermal and optical properties of the water. In the 
deeper lakes, Group I, the visibility ranged from 5.5- 
12 meters while in the shallow lakes, Group II, it 
ranged from 1.25-7 meters. The third grouping in- 
cluded Ulmener Maar, a dichothermie lake situated 
between the Endertbach and the Uss, tributaries of 
the Mosel and 11 kilometers east of Daun, with a 
visibility range from 1 to 3 meters. This very lim- 
ited transparency is, according to Thienemann, con- 





nected with the relatively high hevel of the thermocline 
in Ulmener Maar. We have observed a similar cor- 
relation in Sodon. 

Subsurface readings with a Clarke submarine il- 
luminometer showed the extinction point to be about 
24 feet in summer and 27 feet in winter in Sodon 
Lake as compared with 72 feet during summer in 
Walnut Lake. Major factors in Sodon Lake influ- 
encing the transparency of the water are the abun- 
dance of sulphur bacteria and the amount of organic 
matter in the water. Low turbidity readings at 
around the 26 to 30 foot depth are due to the pres- 
ence of large numbers of green sulphur bacteria, 
Chlorobium limicola Nadson, sufficiently abundant to 
color the water a grassy green (Newcombe & Slater 
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A comparison of vertical temperature trends 
Newcombe and Slater 1949). 


1950). While not nearly as abundant at other 
depths they doubtless influence the turbidity at some 
other levels during certain parts of the growing 
season. Dutton & Juday (1944) working on Seaffold 
Lake, a comparatively small body of water with 
certain bog characteristics (area, 28 acres) and, like 
Sodon, protected from wind action, found that 0.1% 
of surface light penetrated 4 meters and the Secchi 
dise reading was only from 0.4 to 0.7 meters. This 
was due to an abundant crop of phytoplankton, 
chiefly the same green sulphur bacterium referred 
to by them as Pelogloea bacillifera, which was more 
uniformly distributed from surface to bottom than 
is the case in Sodon Lake. The extinction point of 
light in Sodon, namely around 24 feet, corresponds 
with the beginning of the stratum of concentration 
of Chlorobium. 


CoNnDUCTIVITY 


The maintenance of a high degree of stagnation in 
the hypolimnion, a characteristic of dichothermie 
lakes, is closely allied to the amount of dissolved 
salts. Ruttner (1933) has pointed out that in Krot- 
tensee, Toplitzsee, and Hallstiittersee of the Alps the 
salt content of the deeper layers is higher than that 
of the surface layers thus compensating for the 
differences in density caused by temperature inver- 


in Sodon and Walnut Lakes, southeastern Michigan (after 


sion. In the Ulmener Maar of the Eifel mountains, 
Thienemann (1912) established a similar condition. 
Yoshimura (1933, 1936) reports comparable tempera- 
ture and salinity stratifications in certain Japanese 
lakes located near the coast and hence susceptible to 
saltwater seepage at subsurface lake levels. His 
criterion for this type of meromixis, namely creno- 
genic as defined by Hutchinson (1937, p. 120), is a 
significant inerease in the chloride content of the 
bottom water. 

Conductivity measurements were made at different 
levels of Sodon Lake on October 3, November 19 
at about the time of the final dissolution of the ther- 
mocline, and on November 30, 1947. The results, ex- 
pressed as the reciprocal of one megohm per eubie 
centimeter, serve to characterize in a general way 
the total solids in the lake waters, but more sig- 
nificantly in regard to Sodon Lake, they demonstrate 
a basis for its dichothermie condition. In a later 
section, a quantitative expression is given of the 
principal salts responsible for the high conductivity 
values. 

In the October series, the readings gradually in- 
creased from 330 at the surface to 390 at 16 feet. 
The next reading, 460, was at 24 feet in the upper 
part of the green Chlorobium layer. A gradual in- 
crease was observed to the bottom where a maximuin 
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MAGNESIUM AND CALCIUM PPM 


Fig. 7. Showing vertical trends in calcium, magnesium, soluble phosphorus and conductivity during the sum- 
mer-fall and winter periods in Sodon Lake, southeastern Michigan during 1947-1948. 


of 590 was obtained (Fig. 7). In the case of the 
November 19 series, essentially similar values, 400- 
405, were found to extend deeper, namely from the 
surface to 24 feet. At 30 feet the reading was 450 
and thereafter increased up to 550 at the bottom. 
By November 30 and following the complete disso- 
lution of the thermocline, the stratum of increase 
was lower, namely from 30 to 35 feet, the readings 
being 405 and 475, respectively. 

Suckling (1944, p. 151) reports values as high 
as 1200 for deep well water and 450 for certain 
springs in England. Professor Frank E. Eggleton 
reports exceptionally high values at the surface and 
at the bottom in Kirkville Green Lake located near 
Syracuse, New York state (personal communication). 
Toplitzee, also a dichothermic lake, represents an 
extreme case of permanent stagnation (Ruttner 1933). 
The curve of specific conductance rises significantly 
within and just below the thermocline and remains 
high throughout the hypolimnion as a result, mainly, 
of high chloride content. In Lae de la Girotte of 
the French Alps (depth 99.4 meters), Thienemann 
(1914) reports that, while the surface waters are 
relatively poor in dissolved substances, the deep 
waters contain about eight times as much due largely 
to the presence of magnesium contributed by its 
underground water supply. Ulmener Maar, Ritomsee 
and Salzunger Burgsee are likewise crenogenic 





dichothermiec lakes all possessing a high salt content 
in the bottom water layers that originates from sub- 
terranean springs. According to Welch (1935, p. 
116) Michigan lakes have a conductance range of 
about 10 to 330 reciprocal megohms. Juday & Birge 
(1933, p. 236) studied 238 seepage lakes and 292 
drainage lakes of Wisconsin. The former are re- 
garded as soft-water lakes and were found to contain 
comparatively small amounts of electrolytes. Ap- 
proximately 53% of the seepage lakes had conductiv- 
ity readings (at the surface) ranging from 10 to 
14. 62% of the drainage lakes gave conductivity 
readings between 50 and 124 reciprocal megohms and 
only seven lakes fell within the highest specific con- 
ductance range of 100 to 124. Im a later paper, 
Juday, Birge, & Meloche (1941, p. 103) report three 
Wisconsin lakes having values ranging from 275 to 
307. 

There appears to be little information on the ex- 
tent of seasonal changes in conductivity. Our values 
are limited to the fall period and, according to the 
findings of Ruttner (1914) on Lower Lunz Lake in 
Austria, maximum readings may be expected in fall 
and winter with minimum values during spring. 
Juday & Birge (1933, pp. 242-244) reported a sum- 
mer decrease for the surface waters of Trout Lake 
but only a minor surface-bottom variation. The 
maximum surface-bottom difference, 128-179, was ob- 
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served in Wild Cat Lake. These writers discovered 
one of the four dichothermie lakes in the United 
States for which we have a record.? It is Lake 
Mary (depth 21 meters) and the surface-bottom spe- 
cific conductance readings were found to be 21 and 
59, respectively. The bottom values are unexpectedly 
low for a dichothermie lake. 


CHEMICAL FACTORS 


Sodon Lake, being small, morphometrically simple 
and possessing expected horizontal homogeneity, is 
a lake type that requires relatively few samplings to 
provide a general picture of the dominant environ- 
mental factors. With limited assistance and equip- 
ment, this proved to be a fortunate circumstance and 
considerable information resulted from an undesirably 
smal! number of field collections. On the other hand, 
the limnological importance of the several problems 
that unfolded early in the study, such as dichothermy, 
stressed the need for a more concentrated investiga- 
tion than could be undertaken. Chemical work was 
retarded by the unusual physical and chemical prop- 
erties of the deeper waters which often necessitated 
time consuming modifications of standard technies. 

DISSOLVED OXYGEN 

Nine oxygen series were run during the period 

August 28, 1947-Marech 2, 1948. At no time was 


2 Kirkville Green Lake, N. Y.; Lake Mary, Wisconsin; Big 
Soda Lake, Nevada; and Sodon Lake, Michigan. 
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any measurable quantity of oxygen present below 
a depth of 35 feet. Except on November 21 and 
November 29, 1947 at and just after the time of the 
final dissolution of the thermocline, no measureable 
amount was present at 28 feet. All the evidence 
indicates that during the summer season depths at 
and below 20 feet were almost if not entirely lacking 
in oxygen, in fact at 16 feet there was less than 1 
p-p-m. The drop took place between 12 feet, where 
readings of around 7.00 p.p.m. were obtained, and 
16 feet. With the approach of winter, oxygenation 
penetrated to increasingly greater depths, the con- 
centration being on November 8, 3.35 p.p.m. at 20 
feet; on November 15, 5.11 p.p.m. at 24 feet; on 
November 21, 3.24 p.p.m. at 28 feet; and on Novem- 
ber 29, 1.10 p.p.m. at 32 feet. 

It is clear that during the summer the oxygenless 
stratum of Sodon Lake includes practically the entire 
hypolimnion and a lower part of the thermocline. 
This amounts to approximately 35% of the total 
volume of the lake. Fall oxygen readings show the 
lower limit at which vertical turbulence probably 
penetrated (compare Newcombe & Dwyer 1949). 
During the winter season there appears to be no dis- 
solved oxygen at or below 24 feet (Fig. 8). At 20 
feet, the concentrations were 1.36 and 1.43 p.p.m. on 
February 5 and March 2, 1948, respectively, while 
at the surface the corresponding values were 3.24 and 
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Fig. 8. Showing vertical variation in temperature, hydrogen sulphide, dissolved oxygen and total acidity, ex 
pressed as calcium carbonate, in Sodon Lake, southeastern Michigan. 
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4.13. There was a continuous ice cover, much of the 
time as thick as 12 inches, during the winter and fre- 
quently a heavy layer of snow. The only oxygen 
series taken from Walnut Lake was on August 25, 
1947. The surface concentration was 7.64 p.p.m., 
the temperature being 84.1°F. The concentration at 
the eight successive intervals of 10 feet were as 
follows: 7.94, 6.06, 8.33, 4.16, 4.91, 4.41, 3.69 and 
2.77 p.p.m. at the 80-foot level. The pronounced 
drop between the 30- and 40-foot levels is under- 
standable since at this time the lower limit of the 
thermocline was at about 35 feet. The bottom con- 
centrations are seen to be reasonably high in view of 
the summer season being so far advanced. 

Referring to lakes that have a bottom stratum 
containing no dissolved oxygen at some time during 
the summer, Birge & Juday (1911, p. 46) recognize 
two types. In one of these an oxygenless condition 
is present for only two or three weeks whereas in 
the other it prevails over a period of about five 
months. The explanation given for the latter type 
is not only decomposition of organic matter, but, 
more important, the existence of an incomplete vernal 
overturn, a condition reported for Beasley Lake in 
1909. The marked condition of stagnation in Sodon 
Lake is clearly the dominant factor in accounting 
for the relatively shallow layers of normally oxygen- 
ated water. Meromictic lakes such as Sodon are 
likely to be without oxygen at the lower levels. How- 
ever, those fed by underground springs may, during 
at least some parts of the year, have traces of dis- 
solved oxygen throughout the entire hypolimnion. 
Such an instance is Ulmener Maar. Thienemann 
(1914) reports April readings as high as 1.0 p.p.m. 
at a 35 meter depth (maximum depth 37 meters). 
The August surface values are quite similar to 
those of Sodon Lake and likewise there is a com- 
parable decline at levels relatively near the surface. 
Winter values of the two lakes are correspondingly 
low just under the ice, namely a little below 5 p.p.m. 
A difference lies in the fact that the hypolimnion 
oxygen content of Ulmener Maar was not completely 
exhausted as indicated by a reading of 0.1 p.p.m. on 
February 2, 1914. Thienemann found that nearby 
non-dichothermie lakes possesed high concentrations 
of dissolved oxygen under the ice. Only in the ab- 
sence of ice were high surface concentrations ob- 
served in Ulmener Maar. It seems likely that in 
both lakes the effects of chemical decomposition in 
the deeper layers may penetrate to the surface 
stratum in winter. 

The Walnut Lake series has indicated the presence 
of a notch in the oxygen curve within the thermocline 
at a depth of 20 feet. This unexpected decrease fol- 
lowed by an increase from 6.06 to 8.33 p.p.m. within 
the thermocline is not without parallel. Birge & 
Juday (1911, p. 50) refer to instances of this 
phenomenon in North Lake and Okauchee Lake in 
southeastern Wisconsin and in Tippecanoe Lake, 
Indiana. 
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HyprRoGEN SULPHIDE 


The available hydrogen sulphide records for Sodon 
Lake are given in Table 1. The concentration was 
found to be high in September 1947 with a maximum 
of 37.6 p.p.m. at the bottom. The value of 2.1 p.p.m. 
at a 35 foot depth is difficult to explain. A sharp 
drop in air temperature in early October was re- 
flected to a depth of only about 10 feet and hence 
does not explain a drop in hydrogen sulphide content 
from 13.2 to 2.1 p.p.m. at the 35 foot level from 
September 27 to October 18. A decrease in the 
deposit of organic matter from the upper layers 
could account for the progressive decrease in con- 
centration at the lower levels. The fall turnover 
was well advanced by November 15, thus accounting 
for depletion of the surface layers which continued 
during the winter (Fig. 8). The total lack of hydro- 
gen sulphide in the upper layers during the winter 
may have been an expression of the low levels of 
gas produced which by differential diffusion could 
not penetrate in any detectable amounts to the sur- 
face. Any small amounts which did reach upper 
levels were probably oxidized. As pointed out by 
Neweombe & Slater (1950) the Chlorobium stratum 
marks the beginning of an abrupt increase in hydro- 
gen sulphide. Dutton & Juday (1944) report a 
concentration of 2.5 mg. per |. in the bottom layers 
of Seaffold Lake, Wisconsin where Chlorobium is 
exceedingly abundant at all depths. Findenegg 
(1935) and others have shown that meromictic lakes 
characteristically have bottom layers of decomposing 
muds with stagnant water above for varying dis- 
tances. Particularly at the mud-water interface in 
the deepest parts of such lakes is the process of decay 
most intense causing at times a macro- instead of a 
micro-stratifieation. That such a condition exists in 
Sodon Lake is abundantly clear. The turbidity de- 
terminations have shown a conspicuous increase with 
approach of the lake bottom; there is a change in 
the color and colloidal condition of the water and 
the hydrogen sulphide content is extremely high at 
all seasons, being lowest in winter. These decom- 
posing actions may be expected to produce sufficient 
heat to explain certain small water temperature in- 
creases that have been reported close to the bottom 
muds (Neweombe & Slater 1949). 

Thienemann (1914) in his study of Ulmener Maar 
points out that on occasion there was odiferous evi- 
dence of hydrogen sulphide at levels as shallow as 
10 meters. The amount increased down to the bot- 
tom (depth 37 meters) but quantitative determina- 
tions were riot made since it was believed that only 
traces of the gas could be present. That smell is not 
necessarily a valid qualitative criterion of the pres- 
ence of hydrogen sulphide was pointed out by Birge 
& Juday (1911, p. 102) whose experience supported 
the conclusion of Mason (1896, p. 415) that “An 
odor like that of sulphuretted hydrogen must not be 
taken as proof positive of the presence of that gas 
in a water, in as much as mixtures of sundry hydro- 
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TaBLE 1. Hydrogen sulphide content of Sodon Lake 
waters during 1947-48, expressed in parts per million. 
| | 
= Oct. | Nov. | Nov. lov. | Nov. | Nov. | Feb. 
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carbons will often greatly mislead the sense of smell.” 
They found that this conelusion was particularly 
true if anaerobic decomposition had been going on 
for only a comparatively short time. Very little of 
this gas was found in any Wisconsin lakes and only 
in those containing very little or no dissolved oxygen. 

In general, meromictic lakes may be expected to 
contain considerable hydrogen sulphide in the bot- 
tom strata. Hutchinson (1937) failed to find any 
hydrogen sulphide in the mixolimnion (the upper- 
most ten-meter layer) of Big Soda Lake on July 
23, 1933. However, at 20 m. the concentration was 
456 mg. per |. and at the bottom depth of 60 m. it 
was 786 mg. per l. Throughout this 40-meter stra- 
tum there was a complete absence of dissolved oxygen. 
Thienemann (1914) calls attention to a special type 
of dichothermic stratification characteristic of the 
“Nebenmeere,” secondary lakes or seas in which 
warm, salt bottom strata are covered by less salty 
cold water on which is superimposed layers of fresh 
and warmer waters. An example is provided by the 
Black Sea. Kriimmel (1907, p. 300) reports the 
first evidence of hydrogen sulphide, 0.39 cubic centi- 
meters, at 183 m below which it gradually increased 
to 6.00 cubie centimeters at 2120 m. The dead char- 
acter of the bottom is attributed to the high hydrogen 
sulphide content. 

In Lae de la Girotte, which next to Lake Geneva 
is the deepest French lake of the Alps (99.4 m.), 
dichothermy is present and also subterranean springs. 
Here, it is the springs rather than processes of de- 
composition that account for high amounts of hydro- 
gen sulphide exceeding 15.5 p.p.m. Ohle (1933) in 
his classical studies of the North German lakes cites 
the instance of Grosse Sager Meer, located in the 
province of Oldenburg, in which despite a low oxygen 
content no hydrogen sulphide could be detected in 
the water or deep bottom mud. He concludes that 
sulphate-reducing bacteria are likely not present. 
In most lakes, however, having minimal oxygen con- 
centrations, hydrogen sulphide production increases 
with the amount of decomposable substances, but not 
always proportionally, on account of the low sulphur 
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content of various organic materials. His records 
from 15 lakes indicate a range of hydrogen sulphide 
concentration from 0.00 in Tollensee to 7.97 p.p.m. 
in Edebergsee, there being an increase of the gas 
with increasing eutrophy. 

Preliminary experiments of ours have shown that 
the hypolimnion® waters of Sodon Lake possess a 
high reducing capacity. On November 8, 1947, bot- 
tom water at 41.2°F was sufficiently aerated to raise 
the oxygen content from 0 to 5.44 p.p.m. Within 
10 minutes it dropped to 3.97 and 10 minutes later 
it was down to 2.20 p.p.m. Riische (1940) writing 
on the reducing capacity of the waters of the harbor 
of Duisburg-Ruhrort in the Ruhr district of Germany, 
points out that although in waters containing a high 
content of oxygen the amount of hydrogen sulphide 
that may be produced is rapidly oxidized, yet he was 
able to definitely establish the presence of hydrogen 
sulphide in oxygen rich waters. 


AcIDITY AND ALKALINITY 


On a basis of the chemical factors deseribed, a 
condition of high acidity is to be expected in Sodon 
Lake. The only data available are for October 11, 
1947 and March 2, 1948 (Fig. 8). No phenol- 
phthalein alkalinity was present at any depth in Octo- 
ber, over five weeks prior to the dissolution of the 
thermocline and when the surface-bottom temperature 
range was from 59.3 to 41.0°F. The acidity was ex- 
ceedingly high at all levels being 30.9 and 161.5 
p-p.m. expressed as calcium carbonate at the surface 
and 45 feet, respectively, while the methyl orange 
alkalinity at these levels was 8.6 and 14.9 p.p.m. as 
calcium carbonate, respectively. An abrupt increase 
from 41.4 to 88.8 p.p.m. in acidity was found be- 
tween the levels of 16 and 28 feet. It is likely that 
the increase was even more abrupt in that the main 
increment was probably between about 22 and 26 
feet. This assumption is based on the presence of 
the clearly defined stratum of Chlorobium limicola 
Nadson that usually starts at about the 24-foot level. 
In view of the high acidity, the relatively low methyl 
orange alkalinity observed is expected. March read- 
ings show that a very different picture exists in 
winter. Values for acidity as calcium carbonate on 
March 2, 1948 ranged from 0.3 p.p.m. at the surface 
under the ice to only 1.15 p.p.m. at 45 feet (Fig. 3). 
By way of comparison, the acidity at the surface of 
Walnut Lake was 9.1 p.p.m. on August 10, 1947. 
From 8 to 90 feet the concentration varied from 20.4 
to 29.5 p.p.m. as ealeium carbonate. There was no 
phenolphthalein alkalinity and the methyl orange 
alkalinity was 15.0 p.p.m. as ealcium carbonate at 
the surface and between 26 and 30 p.p.m. over the 
depth range of 8 to 90 feet. 

8 Following Hutchinson’s terminology for meromictic lakes, 
the upper stratum capable of complete mixing during the over- 
turn is called the mizxolimnion; that in the lower unmixed 
region of the lake is the monimolimnion, a term originally used 
by Findenegg; and the zone of transition, where the rate of 


change of concentration with respect to depth is maximal, is the 
chemocline. 





In Lake Mary, the Wisconsin dichothermie lake, 
Juday & Birge (1933, pp. 247, 258) report fixed 
earbon dioxide (that carbon dioxide which converts 
CaO to CaCO) values of 2.8 p.p.m. at the surface 
and 10.5 p.p.m. at the bottom. They were able to 
show a “fairly regular increase in the quantity of 
bound earbon dioxide correlated with the increase 
in conductivity.” We have found no normal earbon- 
ate (CO;) in winter or summer in Sodon Lake. 

The methyl orange alkalinity was low, ranging on 
October 11, 1947 from 8.6 at the surface to 14.9 
p-p.m, at 45 feet. For October 11, 1927, Eggleton 
(1931) reports concentrations of 18.00 p.p.m. of 
free carbon dioxide and 120 p.p.m. methyl orange 
alkalinity at a near-bottom depth of 17.0 meters 
in Third Sister Lake where the oxygen content was 
zero. 


CALCIUM AND MAGNESIUM 


Electrical conductivity measurements have shown 
that the waters of Sodon Lake are relatively high 
in salt content and that there is a pronounced strati- 
fication during the open season. The slope of the 
curves in Figure 7 suggests that salinity may be due 
in the main to ealcium and magnesium salts. The 
hardness of Walnut Lake waters is much less than 
that of Sodon Lake. Total hardness based on the 
presence of calcium and magnesium ions was found 
to be 181.4 p.p.m. at the surface and 286.8 p.p.m. 
at the bottom on July 17, 1947 in Sodon. Cor- 
responding values for Walnut Lake, taken on Au- 
gust 22, were 142.8 and 158.8 p.p.m. 

A comparison of the total hardness values for sum- 
mer and winter in Sodon Lake indicates no sub- 
stantial change at the bottom, the concentration 
being 286 p.p.m. At the surface the values for the 
two seasons were found to be 181.4 and 254.4 p.p.m., 
respectively. 

Regarding the concentration of caleium on July 
17, 1947, it was found that a gradual increase occurs 
toward the bottom in Sodon, the surface and bottom 
values being 48.6 and 79.0 p.p.m., respectively. The 
curve in Figure 7 is based on determinations at only 
5 levels so that it is impossible to judge the precise 
character of the stratification. The magnesium in- 
crease was from 14.6 p.p.m. at the surface to 21.8 
p.p.m. at the bottom. 

Considerably less amounts of calcium and magnesi- 
um were found in Walnut Lake on August 22, 1947. 
A calcium content of 42.9 p.p.m. extended to a depth 
of 40 feet while beyond, to a depth of 80 feet, the 
concentration was 50 p.p.m. There appeared to be 
no certain correlation between depth and the content 
of magnesium. The range of variation was found 
to be from 7.4 to 9.2 p.p.m. 

A comparison of the summer and winter concen- 
trations of calcium and magnesium in Sodon Lake 
has indicated the possibility of an inverse relationship 
at the surface. Whereas the winter values for ealci- 
um were considerably higher, those for magnesium 
were somewhat lower. 





Ecological Monographs 
Vol. 20, No. 3 
While in summer at Sodon there was comparatively 
little vertical variation in the calecium-magnesium 
ratio—namely from 3.3:1 to 3.7:1, in winter the 
ratio decreased from 7.7:1 at the surface to 2.7:1 
at the bottom. At Walnut Lake, the maximum 
range of this ratio was from 4.7:1 to 6.7:1. On the 
basis of 292 surface samples from a number of Wis- 
consin lakes, Juday & Birge (1933) obtained an aver- 
age calecium-magnesium ratio of 1.5:1. These in- 
vestigators found that the amount of calcium varied 
from a minimum of 0.64 p.p.m. in Bass Lake to a 
maximum of 49.3 p.p.m. for the bottom water of 
North Lake which apparently is a holomictic lake. 
The corresponding magnesium concentrations given 
for these two lakes are 1.2 and 27.0 p.p.m. (Birge & 
Juday 1911, p. 107). It is seen that even the 
highest concentrations fall far below the values for 
the bottom waters of Sodon Lake. The curve for 
magnesium is notably less regular than that for 
calcium (Fig. 7), a faet pointed out by the Wis- 
consin workers. 


PHOSPHORUS 


The distribution of phosphate phosphorus in Sodon 
Lake was found to be definitely stratified, ranging in 
concentration from around 0.032 to 0.068 p.p.m. in 
the surface layers above 24 feet to from 0.1 to 1.0 
p-p-m. at depths below 24 feet. A gradual increase 
was observed throughout the hypolimnion. While 
the bottom concentrations remained about the same 
from July to February, a decrease was observed in 
the fall in the surface layers followed by an increase 
after the formation of the ice cover. The pro- 
nounced inerease in summer at about the 24-foot 
level corresponds with the presence of the green 
stratum of Chlorobium limicola Nadson. 

In Walnut Lake, the range in concentration of 
soluble phosphorus on August 14, 1947 was from 
0.048 at the surface to 0.150 p.p.m. near the bot- 
tom (85 feet in depth). It was found that down to 
a depth of about 20 feet the concentration was nearly 
double that in Sodon Lake at corresponding depths. 
However, in the hypolimnion, the relation was re- 
versed and bottom values for Sodon were 6 or 7 
times as high as those of Walnut Lake. 

At both surface and bottom levels, the concentra- 
tions were unexpectedly high. Juday & Birge (1931), 
on a basis of a study of 479 lakes in north-eastern 
Wisconsin, reported the mean quantity of soluble 
phosphorus in the surface water to be 0.003 p.p.m. 
and the maximum to be 0.015 p.p.m. In Lake Mary, 
on July 29, 1927, the amount of soluble phosphate 
phosphorus’ ranged from 0.003 at the surface to 
0.500 p.p.m. at 20 meters. Hutchinson (1941) re- 
ported surface values (filtered sample) for Linsley 
Pond, Connecticut, ranging from a maximum of 
0.0073 p.p.m. in December to a minimum of 0.0003 
p-p-m. in June. While surface concentrations are 
known to vary with the seasons, due in some lakes at 
least to internal biological processes, the content of 
the monimolimnion of meromictic lakes remains high 
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at all seasons. Findenegg (1935) associates this 
condition of meromictie lakes with decaying alloch- 
thonous organic matter. We have no specific data 
on the application of this hypothesis to Sodon Lake. 
Summer concentrations of soluble phosphorus in 
Big Soda Lake were found by Hutchinson (1937) to 
be “very high” in the monimolimnion and 2 mg. per 
]. in the mixolimnion. 


Smica AND IRON 


These analyses were made only in the month of 
February. Silica samples were stored in pyrex 
bottles for one hour before analysis, and all of them 
were filtered through No. 42 Whatman paper until 
clear. The bottom samples required 5 filtrations be- 
eause of the sulphur held in colloidal suspension. The 
silica precedure of Harvey (1945, p. 38) was fol- 
lowed and a Coleman spectrophotometer, model 6A, 
was used with \= 415. The method of analysis 
used for iron determinations is that given by Ellis, 
Westfall, & Ellis (1946, p. 72). In these measure- 
ments the wave length employed was 480 4, 

As in the case of phosphate-phosphorus and hydro- 
gen sulphide, a pronounced stratification of silica 
and iron was found to be present in winter, the level 
of inerease being about the same, namely 25-30 feet. 
Between the surface and 25 feet there was, on Febru- 
ary 10, 1948, only a slight increase, namely from 3.32 
to 3.62 p.p.m. SiO». Similar concentrations were 
found on February 23. In the hypolimnion, much 
higher values were found on both dates, the highest 
—9.04 p.p.m.—being at the bottom. Tressler & 
Domogalla (1931) obtained maximum values in win- 
ter for Lake Wingra, the highest concentration of 
silica reported being 15 p.p.m. Findenegg (1935) 
in his comparative study of the lakes of Karnten, 
fails to find any correlation between lake productivity 
or calcium content and the amount of silica. He 
concludes that while a condition of silica stratification 
may be largely of biological origin, other processes 
may also play a significant role. 

One vertical series of iron determinations was run 
on February 10, 1948, (Fig. 9). A concentration of 
0.06 p.p.m. total iron was found at the surface. 
From 8 to 24 feet the concentration was 0.11 p.p.m. 
In the layers below 24 feet and not containing oxy- 
gen, the amount ranged from 0.25 p.p.m. at 30 feet 
to 0.35 p.p.m. at 50 feet. In Big Soda Lake on July 
23, 1933, Hutchinson (1937) found identical econ- 
centrations at surface and bottom levels, namely 0.05 
mg. per 1. Dutton & Juday (1944) who worked on 
Seaffold Lake, which also contains an abundance of 
sulphur bacteria, reported a concentration of 8.0 mg. 
per |. of ferrous iron at 8 m. and 13.8 mg. at 10 m. 
(Compare Deevey 1941, p. 449 and Hutchinson 1941, 
p. 53). 

Findenegg (1935) points out that while iron is 
necessary for phytoplankton production, the amount 
is very small. He found that with the exception of 
Schwarzsee in Turrach, the Kiarntner lakes con- 
tained only a trace of iron (not more than 0.01 
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Fig. 9. Showing vertical trends of temperature, iron, 
and silica during February, 1948 in Sodon Lake, south- 
eastern Michigan. 
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p-p-m.) in the epilimnion. In Lake Klopein, a 
meromictie lake, he found considerable iron at the 
bottom but, strangely, this was the only meromictie 
lake having high concentrations similar to those of 
small but highly productive holomictie lakes, such as 
Brennsee. 


PRODUCTIVITY 


Two types of measurements were made to indicate 
the productivity of Sodon Lake waters. The amount 
of organic matter growing on a unit area of sub- 
merged surface per unit of time proved reasonably 
satisfactory (Newcombe 1949). The results of this 
technic are treated separately (Newcombe 1950). 
A second index of productivity and one having quite 
general approval is the amount of nannoplankton or 
centrifuged organic matter (Birge & Juday 1911). 
Several series were run on Sodon and Walnut Lakes 
and in most instances only water that had passed 
through a No. 20 plankton net was centrifuged. The 
summer collections for nannoplankton organic matter 
were made on August 25, 1947 at a center location in 
Walnut Lake. Relatively small amounts were found 
down to a depth of 60 feet, the ranges in dry and 
organic matter weights being 0.7-1.7 and 0.3-1.0 mg. 
per l., respectively. At 70 feet, the dry and organic 
matter weights were 5.1 and 2.9 mg. per 1., respective- 
ly, and at 80 feet, the corresponding weights were 
8.5 and 5.1 mg. 

The results for Sodon Lake show a pronounced 
stratification in the amount of particulate organic 
matter, the boundary line being at a depth of about 
24 feet where the stratum of high concentration of 
Chlorobium limicola Nadson commences (Table 2). 
Consistently higher values were obtained in October 
than 7 weeks earlier, except at the 28- and 35-foot 
levels. This divergence simply reflects a change in 
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TABLE 2. Nannoplankton centrifuged organie matter 
determinations for several depths in Sodon and Walnut 
Lakes. Depths are expressed in feet and organic matter 
(O.M.) in milligrams per liter. 1947. 
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ORGANIC PER CENT 
Dry WEIGHT MATTER O. M. 
Depth 
Sept. 13) Oct. 31 |Sept. 13) Oct. 31 |Sept. 13) Oct. 31 
Surface...| 1.19 | 3.28 | 0.66 1.85 | 55.6 | 56.3 
— 1.33 | 2.95 | 0.53 eis 40.0 ae 
pee 1.74 | 3.31 0.93 1.74 | 83.1 52.5 
ae conn, | ane our BOG M43 eae 
: STC 14.30* |} 7.29 | 12.35 | 5.88 | 86.4 | 80.6 
(eae 2.98* | 4.60 | 2.25 | 3.48 | 75.5 74.1 
SOR 2.88 | 5.11 1.92 ae 67.0 235 
Near Inlet 
Surface...| 1.48 | 2.26 | 0.93 1.21 62.5 | 53.6 
ee ae 3.20 ie 1.63 ae 50.8 
Watnut LAKE 
Nov. 1 | Nov. 1 Nov. 1 
Surface... 5.22 2.51 48.1 
tices 5.13 3.12 60.7 











*Chlorobium limicola abundant. 


the level of the sulphur bacterium stratum (New- 
combe & Slater 1950). The percentage of organic 
matter is seen to be fairly similar, The September 
samples were taken closer to the inlet than those of 
October, a factor that may explain the difference in 
organic matter content of 8.9%. Walnut Lake shore 
samples were taken on November 1 from over a 
Chara mat and were designed to compare with the 
Sodon Lake shore samples collected on October 31. 
It is seen in Table 2 that the organic matter content 
is about double that in the Sodon samples. 

For the purpose of a further comparison, a 2752 
ml. sample from the surface of Cranbrook Lake, a 
shallow 10-acre artificial, drainage lake (a pond in 
the sense of Ohle (1933) since the bottom is com- 
pletely covered with submerged plants), was strained 
through a No. 10 and a No. 20 plankton net. Each 
net collection and also the nannoplankton obtained 
by centrifugation was dried, ashed and weighed. The 
following weights expressed in mg. per 1. were ob- 
tained (weighed to the nearest 0.1 mg.) : 


Dry Ash 

weight weight % O.M.* 
No. 10 plankton net............ 0.26 0.09 65.4 
No. 20 plankton net............0.22 0.09 59.1 
Nannoplankton —_.................. 2.43 1.33 45.2 
IE cer eecataiigitesceceabe «----3.91 1.51 48.1 





* Actually loss on ignition. 


It is seen that the netplankton composed about 
16% of the total dry weight of the particulate matter 
and 21% of the organic matter fraction. Un- 
fortunately, we do not have a comparable breakdown 
for the Sodon Lake samples in order to give a meas- 
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ure of the total plankton content. It is well known, 
however, that nannoplankton indicates much better 
than netplankton the productive capacity of water, 
Birge & Juday (1922) have shown that throughout 
most of the year the amount of nannoplankton far 
exceeds that of netplankton. Their 1934 paper states 
that approximately half of 1051 surface samples 
from a variety of types of lakes yielded less than 1.0 
mg. per 1. of dry nannoplankton organic matter, 
Only 11 of them contained as much as 5 mg. per 1. 
or more. The mean quantity in all of the surface 
samples was 1.29 mg. per 1., and the maximum 
amount was 12.0 mg. per |. Lake Mary was found 
to have the maximum mean quantity in 114 series of 
catches covering the entire depth of 25 lakes with a 
maximum depth of 18 m. or more. In this dicho- 
thermic lake, the maximum production of nannoplank- 
ton, namely 4.06 mg. per |. of dry organic matter, 
was found in the thermocline at a depth of 3 m. 
Since Sodon is a hard water lake it is not surprising 
to find such relatively high amounts of nannoplank- 
ton. It is difficult to explain satisfactorily the high 
values at and below 35 feet. Concentrations of 
Chlorobium were commonly found at from 24 to 30 
feet. On September 13 the water was slightly colored 
with this bacterium at 35 feet but on the basis of 
our experience that depth is unusual for high concen- 
tration. Dutton & Juday (1944) studied the possibil- 
ity of chromatic adaptation on the part of Pelogloea 
bacillifera Lauterborn. ( = our Chlorobiwm limicola 
Nadson) and found a color change from yellow in the 
surface layers to grass green at greater depths. How- 
ever, they attribute this change to a response to light 
intensity in the deeper water rather than to chromatic 
adaptation. Doubtless there are large numbers of 
bacteria in the deeper hypolimnion waters but wheth- 
er or not their number accounts for the high organic 
matter values remains to be proven. That they are 
responsible for the consistently high organie matter 
values at depths from 24 to 30 or, on September 13, 
35 feet, is beyond question. 


DISCUSSION 


While considerable overlapping exists in respect to 
the character of oligotrophic, eutrophic, and dystroph- 
ic lakes, in the ease of holomictie versus meromictic 
lakes and dichothermie versus non-dichothermie lakes, 
we are dealing with more concrete criteria of differ- 
entiation. Either a lake possesses a complete over- 
turn or it does not; either it shows a temperature 
inversion or it does not. In the instance of each 
alternative, there is represented not one changing 
factor but a whole system of factorial sequences that 
possess profound ecological bearing on the productiv- 
ity of the water, on the movements of the flora and 
fauna and, too, on their metabolic characteristics. 
These phenomena have not received adequate atten- 
tion; indeed, far too little is known of the physical 
and chemical factors themseives in such lakes. That 
Sodon Lake belongs to the meromictie class with a 
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definite temperature inversion is well established 
(Newcombe & Slater 1949). The existing balance or 
quasi-balance between the several dominant physical 
and chemical environmental factors is less well under- 
stood. Also, few attempts have been made to view 
dichothermic lakes from the standpoint of what char- 
acteristics they appear to have in common. 

On a basis of our limited observations we may 
consider first the type of factorial balance likely to 
prevail and possess ecological importance, The tem- 
perature inversion is never greater than a degree or 
so, hence its ecological import is indirect. The conse- 
quent presence of a monimolimnion is of first im- 
portance as are also the causes of its existence which 
will be discussed later. A semi-permanent or possibly 
a permanent stagnation (compare Eggleton 1931, p. 
289 and Smith 1940, p. 295) is a potential factor in 
modifying practically all other ecological factors. 
For example, Thienemann (1914) demonstrated that, 
in Ulmener Maar, the effect of decomposition in the 
bottom stagnant layers penetrated to the surface in 
winter, producing a low oxygen condition under the 
ice. We observed a low oxygen condition under the 
ice in Sodon Lake but simultaneously there was an 
absence of hydrogen sulphide down to a depth of 
25 feet (Fig. 8). Where the hydrogen sulphide in- 
creased rapidly, the content of dissolved oxygen 
dropped abruptly to zero and Hutchinson’s data for 
Big Soda Lake show the same condition. The inter- 
relation between these two factors under natural con- 
ditions is not well understood. For the flora and 
fauna, such sudden change and extreme concentra- 
tions possess prime importance in dichothermic lakes. 
Bacteria thrive. Although the plankton collections 
have not been worked up as yet, we attribute the 
unexpectedly high amounts of particulate organic 
matter to bacteria (Table 2). The dearth of bottom 
fauna underlying the monimolimnion in Sodon is in- 
dicative of the intolerable conditions for animal life. 
Referring to Kirkville Green Lake (depth 61 m.), 
Eggleton (1931, p. 280) states “So far as macroscopie 
benthic animals are concerned, by far the larger part 
of the lake floor was absolutely barren.” Canyon 
Lake, a non-dichothermie meromictic lake in Mar- 
quette County, Michigan, was found by Smith (1940) 
to have no macroscopic bottom organisms below 16 m. 
(maximum depth 22.5 m.). 

At this point attention is called to the possibly far 
reaching effect of the afore-mentioned gaseous con- 
ditions to the plankton fauna. Thienemann (1914) 
has shown that the effect may be both qualitative and 
quantitative. In one group of lakes having a high 
oxygen content in the epilimnion and the hypolimnion, 
Diaptomus graceloides was orange colored whereas 
normally colored specimens were found in those 
Maare having an oxygen-rich epilimnion but an 
oxygen-poor hypolimnion. The first group of lakes 
was rich in plankton, the second was plankton-poor. 
He showed that certain cladocerans which were 
present in the first group were absent in the second. 
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In Salzunger See, a dichothermic lake of the Eifel 
Maare, Thienemann encountered the first sign of 
hydrogen sulphide at 15 m. In the bottom mud 
samples, rich in this gas, he found no bottom fauna 
save some Corethra larvae. In March, he found a 
strong hydrogen sulphide odor at about 24 m., a de- 
crease in plankton at 20 m. but some copepods were 
present almost to the bottom. Likewise, in Sodon 
Lake copepods were found during the winter at bot- 
tom levels rich in hydrogen sulphide. There appears 
to be little reason for attributing necessarily a paucity 
of plankton to dichothermic lakes. Concentrations of 
plankton may develop at times in the upper layers 
as we have observed in Sodon on several occasions. 
Nor can we necessarily associate a high content of 
free carbon dioxide with dichothermism. Sodon has 
a hypolimnion acidity expressed as calcium carbonate 
as high as 161 p.p.m. but Thienemann found only a 
normal amount in Ulmener Maar. However, he did 
encounter a great quantity of methane. In common 
with Lae de la Girotte, Ritomsee, Burgsee and Salz- 
unger See, Ulmener Maar owes its salinity concen- 
tration and hence its dichothermy to subterranean 
springs. But such sources of water may be expected 
to vary in salt content reflecting the geological con- 
ditions of the particular lake region in question and 
this point is manifested in Hutchinson’s exhaustive 
treatment of the limnology of arid regions (Hutchin- 
1937). Clearly such variations in kind and 
amount of physiologically important elements will 
doubtless be reflected in the abundance and perhaps 
more significantly in the morphological characters of 
the population. 

Yoshimura (1936) refers to the above chemicai 
stratification originating from underground water 
as non-biochemieal stratification. He recognizes two 
additional types, namely biochemical stratification 
and combined stratifications of biochemical and non- 
biochemical origins. Identification of chemical strati- 
fication was based on the vertical distribution of Na, 
Cl and SO4, substances rarely stratified by biochem- 
ical processes and records for which we do not 
possess for Sodon Lake. A pronounced increase in 
the content of calcium and magnesium and, too, pH 
are also regarded by Yoshimura (1936) as additional 
indicators of non-biochemical stratification. No re- 
liable pH values are available for Sodon, but the 
presence of a well defined calcium stratification (also 
total salts) has been demonstrated (Fig. 7). The 
type of geological formations in Oakland County in 
no sense precludes the possibility of subterranean 
ground water entering the lake. However, there is 
some negative information that minimizes this possi- 
bility. Usually very little water is present in the 
inlet and the outlet and, too, the rate of flow is slow. 
Also, isotherms within the lake have failed to show 
any positive indication of disturbance in the hypo- 
limnion that might be caused by inflowing spring 
waters possessing different thermal and chemical 
properties. These two points do not vitiate the possi- 


son, 





224 Curtis L. NEWCOMBE AND JOHN V. SLATER 


bility of an inflow of underground water but they 
do reflect against any hypothesis involving a large 
inflow. On a basis of our chemical analyses it would 
seem that considerable calcium may be present in 
the monimolimnion as some salt other than bicar- 
bonate or silicate. If this is true, one may suspect 
some non-biochemical influence, or what Hutchinson 
aptly terms crenogenic meromizis, Yoshimura (1937) 
lists the following lakes in the non-biochemiecal ecate- 
gory: Toplitzsee and Traunsee in Austria; Ritomsee 
in Switzerland; Lae de la Girotte in France; Salz- 
unger See, Ulmener Maar and Grunewaldsee in Ger- 
many; and Towadako, Yarokunuma and Benteunu- 
ma, among others, in Japan. 

We may now inquire as to the evidence for bio- 
chemical stratification. The eriteria given by Yoshi- 
mura (1936) inelude stratification in respect to 
oxygen, nitrates, nitrites, phosphorus, iron, bicar- 
bonates, calcium and silica. Stratifieations with re- 
spect to oxygen, phosphorus, iron, bicarbonates, calci- 
um and silica have been indicated for Sodon Lake 
(Figs. 7, 8, 9). Yoshimura lists Kirkville Green 
Lake and Lake Mary in the United States as belonging 
in this eategory. Several of the lakes in the Karnten 
region of Austria likewise fall in this group. Sodon 
Lake has been found to possess important characteris- 
tics in common with Kirkville Green Lake and while 
there may be some underground water entering at its 
lower levels, our strongest evidence at present favors 
placing it in the category of biochemical stratifica- 
tion i.e. in the category of biogenic meromizis. 

A clue to the existing biochemical conditions rests 
in the unusual concentration of Chlorobium limicola 
Nadson discussed by Newcombe & Slater (1950). 
This green bacterium is known to produce extra- 
cellular elementary sulphur. Van Niel (1941, p. 
271) states that their development is restricted to 
anaerobic conditions in which both light and sulphide 
are available and,- significantly, that its extent is 
proportional to the amount of sulphides. There is 
very little light at this zone of concentration but 
plenty of hydrogen sulphide—around 3 or 4 p.p.m. 
giving rise to a pronounced odor. The amount in- 
creases at the lower depths but the concentration of 
Chlorobium abruptly decreases. It would seem, then, 
‘on a basis of Van Niel’s findings that light is a limit- 
ing factor. If light is always a requisite factor, 
then its intensity must be extremely small since we 
have collected rather large quantities as far down as 
35 feet and small numbers of what appeared to be 
the same organism at still greater depths, beyond the 
limit of sensitivity of a delicate microammeter. 

Van Niel was able to show that these particular 
sulphur bacteria appear incapable of oxidizing the 
sulphide to sulphate, the oxidation seemingly pro- 
ceeding only as far as sulphur. The turbidity of the 
bottom layers is increased by what we consider to 
be finely suspended particles of sulphur. The exist- 
ence of a relatively high acidity (about 89 p.p.m. as 
calcium carbonate) at the stratum of Chlorobium con- 
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centration and an abundance of hydrogen sulphide 
(around 4 p.p.m.) together with a little light provides 
the required conditions for producing free elementary 
sulphur as set forth by Van Niel. 

The carbon dioxide exists in the free form and as 
bicarbonate, no normal carbonate (CO.) being pres- 
ent. In view of the high calcium content of Sodon 
Lake water (from 48 to 79 p.p.m. in July, 1947) we 
might expect to find considerable normal carbonate. 
However, the condition of stagnation in the moni- 
molimnion seemingly continues to generate a high 
amount of this gas, sufficient to balance the supply 
of calcium and magnesium and also enough for the 
green bacteria to photoreduce with hydrogen sulphide 
to yield free sulphur. The methyl orange alkalinity 
was found to vary from 16 to 33 p.p.m. as ealeium 
carbonate in August, 1947, about the same as in 
Walnut Lake. The stratification, however, was found 
to be different. Whereas in Sodon Lake there was a 
gradual inerease to the bottom, in Walnut, the sur- 
face concentration was, on August 10, 1947, 15 p.p.m. 
and that at the 8-foot level was 30 p.p.m. as calcium 
carbonate with only minor irregular decreases to 
a depth of 90 feet. Likewise, in Walnut Lake, the 
acidity increased from 9.1 p.p.m. at the surface to 
22.7 p.p.m. as calcium carbonate at 8 feet and ex- 
hibited very little change to the 90-foot level. On 
the other hand, in Sodon, the surface concentration on 
October 11, 1947 was 30.9 and that at 45 feet 161.5 
p-p.m., the main increase taking place near a mid- 
depth level. 

It appears that Walnut Lake is probably typical of 
a deep holomictie lake of the southeastern Michigan 
region and that Sodon is definitely a meromictic lake 
possessing a biochemical stratification. Both are 
hard water lakes but the depth of light penetration, 
vertical temperature curve, and concentrations of dis- 
solved oxygen and hydrogen sulphide are pronounced- 
ly different in the two lakes. Thienemann found that 
the evaporation residue at the bottom of Ulmener 
Maar was over twice that at the surface and Ruttner, 
investigating four dichothermie lakes of the eastern 
Alps, likewise found sufficiently greater amounts at 
the bottom to explain the temperature inversion. 

In Sodon Lake, we do not have measurements of 
the evaporation residue. However, on a basis of the 
difference in salt concentration there is sufficient in- 
crease at the bottom to account for the temperature 
inversion. Referring to Big Soda Lake, Hutchinson 
(1937) found that the chloride content of the mon- 
imolimnion was over three times that of the mixo- 
limnion and that the alkalinity was five times as great. 
He reports enormous quantities of ammonia, phos- 
phorus and hydrogen sulphide in the concentrated 
lower water and a complete absence of dissolved 
oxygen throughout the entire zone. Such a typical 
monimolimnion is seen to have much in common with 
that of Sodon Lake. A striking stratification was 
likewise found in Canyon Lake by Smith (1940). 

An index of the productivity of Sodon versus that 
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of Walnut Lake is provided by the amounts of nanno- 
plankton organic matter reported in Table 2. On a 
basis of the shore samples we conclude that Walnut 
Lake waters are the more productive. A series taken 
on August 25, 1947 gave the following results—an 
organic matter range of from 0.3 to 1.0 mg. per 1. 
over a depth range of from 0 to 60 feet. At 70 
feet the figure rose to 2.2 and at 80 feet to 3.3 mg. 
per l., the two corresponding dry weights being 5.1 
and 8.5 mg. per lL. respectively. These values are 
significantly higher than those for Sodon Lake on 
September 13. There is a further difference in that 
whereas the percentage of organic matter at the sur- 
face is comparable in the two lakes, that at the bot- 
tom levels of Walnut Lake is much lower, namely 
around 40%. The reason for the differences must 
remain unexplained for the present. 


SUMMARY 


Sodon Lake is a dichothermie meromictie lake in 
southeastern Michigan, having an area of 5.7 acres 
and a maximum depth of approximately 58 feet. For 
comparative purposes we have briefly studied nearby 
Walnut Lake, a holomictic lake, whose area is 232 
acres and maximum depth about 101 feet. Both are 
unusual morainal lakes, the latter largely land-locked 
and both relatively deep in relation to their surface 
area. The period of the study was June 1947-June 
1948. 

The thickness of the thermocline during July and 
August was about the same in the two lakes, namely 
around 23 feet. In Walnut Lake, its depth range 
was approximately 12 to 35 feet as compared with 
1 to 23 feet for Sodon. 

Bottom water temperatures of Walnut Lake in the 
growing season were around 43.7°F as compared 
with temperatures not exceeding 41.2°F in the bottom 
stratum of Sodon Lake. 

Water at mid-depths in Sodon Lake is at the 
temperature at which water reaches its maximum 
density. This water is superimposed on a stratum 
characterized by a gradually increasing temperature 
and by an increasing concentration of total salts. 
Conductivity readings in an October series were as 
follows: 330 reciprocal megohms at the surface, 390 
at 16 feet, 460 at 24 feet, and 590 reciprocal megohms 
at the bottom level. 

Secchi dise readings in August were between 3 and 
4m. Readings on a Clarke submarine illuminometer 
showed the extinction point in Sodon Lake to be about 
24 feet and in Walnut Lake, 72 feet during the sum- 
mer season. An abrupt reduction of light intensity 
near the 24-foot level in Sodon is the result of a 
tremendous concentration of green sulphur bacteria, 
Chlorobium limicola Nadson. 

Throughout the year no measurable quantity of dis- 
solved oxygen was present below a depth of 35 feet 
in Sodon Lake. During summer oxygen is almost, 
if not entirely, lacking at and below a 20-foot depth. 
At the time of the final dissolution of the thermocline 
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the concentration of oxygen at a depth of 32 feet 
was 1.10 p.p.m. The oxygenless water in summer 
amounts to approximately 35% of the total volume of 
the lake. In winter, surface concentration was around 
3 to 4 p.p.m., the amount at 20 feet being down to 
about 1.4 p.p.m. In Walnut Lake, a relatively grad- 
ual decline in oxygen content with increasing depth 
was observed, ranging from 7.64 p.p.m. at the sur- 
face to 2.77 p.p.m. at an 80-foot level, in August. 

Hydrogen sulphide was found to be absent or 
nearly so in the potential zone of active mixing i.e. 
the mixolimnion or down to about the bottom of 
the thermocline. At and below the 28-foot level 
the concentration increased with depth and ranged 
from about 3 to 37 p.p.m. Winter concentrations at 
the bottom are about one-half those of the growing 
season. The dead character of the bottom 
tributed to the high hydrogen sulphide content. 

No phenolphthalin alkalinity was observed in Sodon 
Lake. In October acidity ranged from 30.9 at the 
surface to 161.5 p.p.m. expressed as calcium ear- 
bonate at 45 feet. In March the corresponding 
readings were 0.3 and 1.15 p.p.m., respectively. 

Both Sodon and Walnut Lakes have hard water 
due mainly to calcium and magnesium. Total hard- 
ness based on the presence of those ions was found 
to be 181.4 p.p.m. at the surface and 286.8 p.p.m. at 
the bottom of Sodon Lake on July 17, 1947. Corre- 
sponding values for Walnut Lake taken in August 
are 142.8 and 158.8 p.p.m., respectively. On this 
date surface and bottom readings for calcium were 
48.6 and 79.0 p.p.m., respectively, while correspond- 
ing magnesium concentrations were 14.6 and 21.8 
p-p.m., respectively. 

Soluble phosphorus was well stratified ranging in 
concentration from about 0.032 to 0.068 p.p.m. in 
layers above 24 feet and from 0.1 to 1.0 p.p.m. in 
water below the 24-foot level. The pronounced in- 
crease in summer at about the 24-foot level ecorre- 
sponds with the presence of the green stratum of 
Chlorobium. In holomictie Walnut Lake summer con- 
centrations of soluble phosphorus were about double 
those of Sodon Lake down to a depth of about 20 
feet. However, below this depth, the relation was 
reversed. In the monimolimnion of Sodon the concen- 
tration was 6 or 7 times as high as that of the hypo- 
limnion of Walnut Lake. 

February analyses for silica and iron revealed a 
vertical stratification similar to that for phosphate- 
phosphorus and hydrogen sulphide. The surface con- 
centrations were approximately 3.5 and 0.06 p.p.m., 
respectively in the surface layers. Corresponding 
values for the bottom levels were around 9.0 p.p.m. 
$i0., and 0.35 p.p.m. total iron. 

The amount of nannoplankton centrifuged organie 
matter in the water at an inshore station of Walnut 
Lake was found to be about double the amount at a 
comparable location in Sodon Lake. A pronounced 
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tions ranged from 0.66 to 1.85 mg. per 1. during the 
fall season. The highest content, namely 12.35 mg. 
per 1., was in the Chlorobium stratum at 28 feet. 
In Walnut Lake, a relatively low organie matter 
content was present down to a depth of 60 feet, the 
range on August 25, 1947 being from 0.3 to 1.0 
mg. per. 1. The amount at 80 feet was 3.3. mg. 

It is concluded that Sodon Lake possesses several 
positive characteristics of biochemical stratification 
ineluding a lack of oxygen and high concentrations 
of hydrogen sulphide, acidity, soluble phosphorus, 
silica, calcium and iron in the bottom layers. 
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CAUSES OF SUCCESSION ON OLD FIELDS OF THE 
PIEDMONT, NORTH CAROLINA 


INTRODUCTION 


Review OF LITERATURE ON OLD FIELD SUCCESSION 
IN THE PIEDMONT OF NORTH CAROLINA 
SEQUENCE OF SUCCESSION 
Several studies of the succession of plants follow- 
ing abandonment of farm land in the Piedmont of 
North Carolina have made during the last 
fifteen years. Much of the emphasis in these studies 
has been placed on the arborescent stages involving 
pine as the original arborescent invader and its grad- 
ual replacement by climax oaks and hickories. Only 
two studies have dealt with details of the herbaceous 
stages of succession which almost always precede 
pine. Crafton & Wells (1934) diseuss the early 
stages of succession based on general observations, 
quadrat studies of several communities on different 
types of soil, and on invasion of plants into spaded 
squares. Oosting (1942) gives quantitative data 
based on quadrat counts in fifteen fields of the first 
three years of abandonment, as well as extensive 
data on the arborescent stages of succession. There 
is general agreement, with only minor variations, on 
the sequence of dominating species in the early 

herbaceous stages of succession. 
Crabgrass 


been 


(Digitaria sanguinalis (L.) Seop.) 
usually is dominant in fields in the late summer and 
fall following cultivation. During the first year of 
abandonment of a field horseweed (Leptilon canadense 
L.) and crabgrass are almost always dominant; but 
horseweed, being a plant four to six feet tall, is the 
conspicuous species. Occasionally ragweed (Am- 
brosia elatior L.) is present in large enough numbers 
to share dominance with horseweed and crabgrass. 
On badly eroded fields Diodia teres Walt. and Aris- 
tida dichotoma Michx, are often the dominant plants, 
at least locally. During the second year following 
abandonment, crabgrass and horseweed are still 
present, but the horseweed plants are only about six 
inches tall and are hardly noticeable among the four- 
to six-foot asters (Aster pilosus Willd.) that are 
usually dominant in such fields. On eroded second- 
year fields, aster may be entirely absent, and some 
combination of ragweed, Diodia and Plantago aristata 
Michx, may be dominant. The third year following 
abandonment broomsedge (usually Andropogon vir- 
ginicus L.) assumes dominance which it maintains 
until replaced by pine, the seedlings of which may 
appear among the broomsedge as early as the third 
year. Pines may be taller than the broomsedge by 
the fifth year, and form closed stands in ten to 
fifteen years. 


Apparently the type of soil, if it is not eroded, has 
little influence on the sequence or duration of these 
early stages of succession, and most abandoned fields 
in the Piedmont of North Carolina are dominated in 
turn by crabgrass, horseweed, aster, broomsedge, and 
then the first aborescent plant, pine. 

CAUSES OF SUCCESSION 

Some work has been done dealing with the causes 
of old field succession in the Piedmont of North Caro- 
lina. Coile (1940) concluded that no changes in soil 
characteristics appear to be related in a causal man- 
ner to loblolly pine successicn; the invasion of p‘ne 
into abandoned land is related to the coincidence of a 
good seed year and climatie conditions favorable to 
early development of seedlings. He says that the de- 
cline of pine dominance at the end of one genera- 
tion is caused by the failure of pine seedlings to com- 


pete with established forest vegetation for soil 
moisture and nutrients because of differences in 


habit of root growth between pines and hardwoods. 
Oosting and Kramer (1946) found the available 
water at the margins of forests, where several species 
of pines become established, to be as low as within 
the stands where pine seedlings make little growth. 
They concluded that light is probably more signifi- 
cantly controlling than soil moisture in the establish- 
ment of pines under forest stands. 

Crafton & Wells (1943) suggest that one of the 
keys to the causes of early stages of old field sue- 
cession lies in the water relations. They consider 
why crabgrass precedes broomsedge in succession, and 
conclude, from greenhouse experiments and field ob- 
servations, that seedlings of crabgrass are more 
drought resistant than are those of broomsedge; con- 
sequently broomsedge does not become dominant until 
tall weeds form a protective covering for its seed- 
lings. They also suggest that the exclusion of erab- 
grass and other species from the tall weed communi- 
ties is caused by their intolerance of low light. 


OBJECTIVES OF PRESENT STUDY 
THE PROBLEM IN GENERAL 
Although these writers touch on causes of early 
old field succession there remain several questions 
which must be answered before the particular se- 


quence can be explained adequately. If answers to 


these questions were available they might be ap- 
plicable not only to early stages of secondary sue- 
cession, but might also lead to a better understanding 
This study 
was initiated, therefore, with the broad objective of 


of the causes of succession in general. 





contributing to our knowledge of the causes of suc- 
cession. The method was to attack the problem 
through old field succession as a particular example. 
Of the species involved, the major dominants of the 
first three years were given first consideration. 

The problem resolved itself into several phases 
which are well represented by the following ques- 
tions, then unanswered. 

1. Why is horseweed, rather than some other plant, 

usually dominant in first year fields? 

2. Why does horseweed fail to hold dominance 

more than one year? 

3. Why is aster delayed in assuming dominance un- 

til the second year? 

4. Why does aster fail to hold dominance after 

the second year? 

5. Why is broomsedge delayed in assuming dom- 

inance until the third year? 


It soon became apparent that progress would re- 
quire consideration of certain puzzling questions in- 
volving minor variations from the normal sequence 
and duration of the successional stages. Here are the 
most pertinent ones: 

1. Why are a few first-year fields clearly domi- 

nated by ragweed with almost complete absence 

of horseweed? 

. Why does aster occasionally share dominance 
with horseweed in first-year fields? 

3. Why does second-year aster-dominance oceasion- 
ally persist for an additional year or more? 

4. What effect does erosion have on the general 
pattern of succession ? 


(The writer is indebted to Dr. H. J. Oosting for 
suggesting this study and for his advice and assistance.) 


bo 


SPECIFIC MATTERS FOR STUDY 


To answer the foregoing questions, a number of 
specific points concerning the life histories of the 
dominant plants and the environmental factors in- 
fluencing the survival and growth of these species 
needed clarification. Although taxonomic manuals 
indicate the approximate time of flowering of horse- 
weed, aster, and broomsedge, it was not known with 
certainty when the seeds are fully mature and 
whether the seemingly mature seeds are capable of 
‘immediate germination or require a_ period of 
dormaney. Differences in time of maturity and 
differences in time of germination of seeds of the 
dominant species might influence the sequence of 
dominance. 

No species can become established and hold its 
place in a community unless the seedlings can sur- 
vive and grow to maturity. Species vary as to 
optimum environmental conditions for survival and 
growth, and often the conditions that are favorable 
for germination and early growth are not the most 
favorable for the later growth of the species. Little 
was known concerning the survival and growth of 
the dominant species of old fields. It became neces- 
sary, therefore, to determine when and where the 
seeds germinate under field conditions. A major 


sohaie’ Sean 
question to be answered concerned the dormancy of 
the seeds of the three dominants, and whether. the 
failure of certain species to become established in 
old fields is caused by failure of seeds to germinate 
or by death of seedlings. Again it seemed necessary 
to learn what environmental conditions permit the 
seedlings to survive and grow and what conditions 
inhibit them. 

Survival and growth of plants in natural com- 
munities are influenced by a number of factors 
working together in such a way that it is often 
difficult to determine what conditions separately or 
in combination cause the end results. Conditions of 
soil moisture in abandoned fields change with the 
increase of organic matter in the soil and the pro- 
tection from evaporation by living plants and litter. 
A knowledge of the reaction of the particular species 
to variations in moisture conditions was needed to 
help answer the general problems of succession. A 
knowledge of the reaction of each species to the 
variations in light would help evaluate the effect of 
decreasing light in old fields on the trend of succes- 
sion. Such information could best be gained by ex- 
perimental methods in which all factors except the 
one being studied could be held as nearly constant 
as possible. 

If horseweed produces some substance that in- 
hibits growth of other horseweeds or stimulates the 
growth of asters, or if aster produces some sub- 
stances that cause the decline of asters and stimulates 
the growth of broomsedge, this might prove to be one 
of the important causes of the sequence of succession. 
Such possibilities could best be checked by experi- 
ment. 

The idea that one plant may produce some chem- 
ical compounds which are inhibitory or toxie to other 
plants was advanced by Pickering & Bedford (1914, 
1917, 1919). Davis (1928) ealled attention to the 
injurious effects of black walnut on other species. 
Proebsting & Gilmore (1940) showed that neither 
exhaustion of plant nutrients or disease carried over 
from the last orchard could account for the failure of 
replanted peach orehards to make normal growth, 
but that peach roots added to virgin soil inhibited 
the growth of peach seedlings. Benedict (1941) 
showed that dried roots of bromegrass are inhibitory 
to bromegrass grown in sand cultures and suggested 
that an inhibitory substance in the roots may be re- 
sponsible for the thinning of bromegrass stands after 
a few years. Bonner & Galston (1944) and Bonner 
(1946) found that water or nutrient solution in con- 
tact with roots of growing guayule plants accumulate 
substances which are toxic to the growth of guayule 
seedlings. Went (1942) in his study of annuals that 
grow near shrubs in the desert of the Southwest, 
suggested that the oceurrence of one plant determines 
the presence of certain other plants through some 
unknown agent, presumably chemical. Went’s obser- 
vation that annuals grow near Encelia farinosa Gray 
led Gray & Bonner (1948) to consider the problem 
of whether or not growth inhibitors do arise from 





1a ncaa area en 


232 CATHERINE KEEVER 


nm &©® &» a2 2 


~ -—_— >» SS 








July, 1950 


Encelia plants, and they found that the leaves of 
Encelia, when placed on top of the sand culture in 
which tomatoes and other plants were growing, caused 
a striking inhibition of growth in these plants. 

In most cultivated fields in this area harvest of a 
crop removes much of the aerial portion of. the 
plants; consequently there is a minimum of organic 
matter in fields when they are abandoned. After a 
field is abandoned the plants that subsequently invade 
the area are left undisturbed to fall to the ground 
and eventually decay. This organic matter may in- 
fluence the texture, water holding power, pH, and 
mineral content of the soil, and might contain some 
chemical substances that would be beneficial or harm- 
ful to plants growing in the soil containing it. Little 
was known concerning the effects of the dead plant 
parts of one species on the survival and growth of 
the same species or on other plants. The possibility 
that dead horseweed parts might inhibit the growth 
of other horseweed plants, either by producing some 
toxic substance or by causing an imbalance of min- 
erals, needed to be considered. The effects of or- 
ganic matter from aster or broomsedge upon other 
plants also needed to be known before the cause of 
old field succession could be determined. 

Plants in a given community have mutual relation- 
ships, and all compete for water, light and available 
minerals in the soil. The effects of one species com- 
peting with individuals of the same species or of 
other species have been evaluated by a number of 
investigators. Brenchley (1919) planted mustard 
plants in pots with one, two, three, four, and five 
plants to a pot, and in comparing the final dry 
weights found the total weight of five plants in one 
pot to be about the same as that of the one plant in 
a pot. She found growth to be proportional to the 
amount of minerals in solution. Such knowledge of 
the effects of competition among dominant species 
in old field succession seemed necessary to answer 
some questions concerning the causes of old field 
succession. 


GENERAL PROCEDURE 


SEED MATURATION AND DorRMANCY 


A knowledge of as many details as possible of the 
life eyeles of the three major dominants—horseweed, 
aster, and broomsedge—seemed necessary for an 
understanding of the causes of the particular se- 
quence of early old field succession. Study of life 
eyeles was begun with studies of seeds of the three 
species. Plants were observed in the field to de- 
termine time of seed maturity. Mature seeds were 
collected and tested for germination under a variety 
of conditions to find the elapsed time and environ- 
mental conditions affecting germination for each spe- 
cies. 


GERMINATION, SURVIVAL AND GROWTH 


UNDER FIELD CONDITIONS 


Further studies of life cycles, as well as of survival 
and growth of plants under field conditions, were 
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undertaken by means of a series of permanent quad- 
rats in fields of different ages. List counts of species 
were made at intervals during a year to determine 
the number of seeds germinating, the season and en- 
vironmental conditions of germination, and the num- 
ber of seedlings living and growing to maturity. A 
knowledge of the number and kinds of plants grow- 
ing in each community was gained from these perma- 
nent quadrats and this gave information concerning 
competition among the three dominants and among 
the dominants and other species. 

Observations of permanent quadrats indicated the 
desirability of obtaining information from a large 
number of fields that had slightly varied histories. 
Therefore surveys were made of thirty fields. These 
surveys involved not only examination of the pres- 
ent vegetation, but talking to the owners or tenants 
about the last crop, its time of last cultivation, and 
the amount of erosion in such fields. 

In connection with the permanent quadrats and 
field surveys, a number of individuals of the three 
species were measured to help evaluate the amount 
of growth made by the plants at different ages and 
under different field conditions. 


Factors INFLUENCING SURVIVAL AND GROWTH 


Experiments were conducted in the greenhouse to 
determine the effects of variations of water and light 
on the survival and growth of the three dominants. 
Seedlings of each species were grown with three 
variations of light in combination with four varia- 
tions of watering in such a way that the effect of each 
factor could be evaluated separately or in combina- 
tion with the other. 

Experiments were set up to see whether any one 
of the dominant plants produced some substance 
which, carried in soil water, would inhibit or stimu- 
late its own growth or the growth of one of the other 
species. The three species were grown in separate 
pots, and all the water they received had percolated 
through the soil in which one of the species was 
growing. Size at various times and final dry weights 
were used to judge the effects of the different treat- 
ments. 

Greenhouse experiments were carried out to check 
the effect of the dead plant parts of each of the old 
field dominants upon itself and upon each of the 
other species, Plants of each species were grown 
in soil containing chopped plant parts from each of 
the other species. This experiment gave information 
concerning the total effect of the specific organic 
matter on the growth of each species, but revealed 
little concerning the fundamental causes of the differ- 
ences. A variation of this experiment using nutrient 
solution instead of distilled water was carried out to 
see whether the differences in growth between treat- 
ments was being caused by a mineral deficiency or by 
some other factor. 

The effect of competition between broomsedge and 
aster was tested with a controlled field experiment in 
an attempt to solve the problem of why brcomsedge 
replaces aster in old field succession. Young asters 


were transplanted to the vicinity of established 





234 CATHERINE KEEVER 


broomsedge plants in the field, where other plants 
had been removed to eliminate their competition, 
and growth and survival of the asters in relation to 
distance from the broomsedge plant were studied. 


METHODS, RESULTS, AND CONCLUSIONS 


SEED MATURATION AND DORMANCY 


METHODS. The three major dominants of old 
field succession, horseweed, aster, and broomsedge 
were observed in the field during two seasons to de- 
termine the time at which the seeds of each species 
matured. Mature seeds of the three species and also 
of ragweed were collected for testing germination 
under varying conditions. At weekly intervals during 
the months of November and December, 1947, seeds 
of each species were planted in two pots of soil, one 
pot being placed out of doors, and one in the germi- 
nating room of the greenhouse. If seeds of any 
species failed to germinate in the greenhouse, seeds 
were layered in damp sand in a cold room at a tem- 
perature of 10°C. and tested at intervals for germi- 
nation. Seedlings grown in the greenhouse from the 
germinating seeds were compared from time to time 
with field specimens as an aid in recognizing seed- 
lings in the quadrants being studied. 

Three small plots in a first-year horseweed-domi- 
nated field were spaded on June 15, three others on 
July 15, and three on August 15. All plots were 
watched for seedlings of the species being studied to 
see when the seeds germinated in the field. 

RESULTS. Horseweed. Horseweeds were observed 
blooming by the middle of July and some individuals 
were still blooming the last of October. The first 
mature seeds were collected early in August and 
germinated on damp filter paper about two weeks 
later. Horseweeds planted in soil at weekly intervals 
during November and December germinated outside 
through November, but did not germinate during the 
relatively cold month of December and many of the 
seedlings that had germinated during November died. 
Horseweed seeds that did not germinate outside when 
planted in December, germinated the following spring. 

Horseweeds planted in the greenhouse germinated 
within two to five days regardless of the season. No 
seedlings of this species appeared in the spaded plots 
until the last week of August, at which time seedlings 
were found in abundanee in the entire field. 

Aster. A few scattered asters began to bloom in 
late September but most were in full bloom during 
late October and early November. The earliest ma- 
ture seeds were collected the first of November from 
a few terminal heads of racemes. Aster did not 
germinate outside during November and December, 
but did show germination in the greenhouse seven 
to ten days after planting. Seeds planted outside 
germinated the following spring. No asters were seen 
at any time in the spaded plots. 

Broomsedge. Soft immature seeds of broomsedge 
(Andropogon virginicus L.) were found the first of 
October, but firm seeds were not found until a month 
later. These seeds failed to germinate either in the 
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greenhouse or outside during November or December. 
Seeds were layered in the cold room on December 8, 
and the first samples of these layered seeds germi- 
nated in the greenhouse on January 10. No seedlings 
of broomsedge were seen in the spaded plots. 

Ragweed. Ragweed seeds collected in October 
failed to germinate in the greenhouse or outside 
unless layered. Seeds that were layered in the cold 
room on November 13 first germinated in the green- 
house on February 13. 

CONCLUSIONS. HorsewWeed seeds mature as early 
as the first of August and are capable of germination 
soon after maturity. They may continue to germi- 
nate at relatively low temperatures during the late 
fall. 

Aster seeds are not mature before the first of 
November. They may germinate soon after maturity 
in a warm environment, but not in the normally cool 
outdoor conditions that prevail around Durham in 
November. 

Broomsedge seeds are not mature before the first 
of November and will not germinate under any con- 
ditions without a period of cold dormancy. 

Ragweed seeds require a period of cold dormancy 
before they will germinate. 


GERMINATION, SURVIVAL AND GROWTH UNDER 
Fretp ConpiTIONS 


PERMANENT QUADRATS 


METHODS. In the late winter of 1947-1948 a search 
was made near Durham, North Carolina, for fields in 
which to locate permanent quadrats for the study of 
life eyeles, suvival, and growth. Fields that were 
not to be plowed that spring or summer were neces- 
sary and, since very little land was being abandoned 
deliberately because of the high price of farm prod- 
ucts, such fields were difficult to locate. Such land 
as was being abandoned was usually badly eroded 
or otherwise unproductive. Nine fields were located, 
of which three had been last cultivated in 1945, three 
in 1946, and three in 1947. 

Ten permanent quadrats one-fourth meter wide 
and one meter long were marked with stakes in each 
of the nine fields at intervals along a central line 
running the length of the field. In fields where fur- 
rows from the last cultivation were evident the ar- 
rangement was such that each plot included part of a 
ridge and a furrow. List counts of all species pres- 
ent were made in March, June, and September; the 
age of asters and broomsedge was estimated and each 
age group recorded separately. Counts of aster and 
broomsedge were made the following January in two 
fields of each age that had not been plowed by that 
time. When seedlings or young plants could not be 
recognized, samples were transplanted to pots in the 
greenhouse and later identified. 

RESULTS. Species: Area curves made after each 
count indicated the one-fourth meter square quadrats 
were more than adequate for sampling at any season 
of the year. 

Horseweed. Horseweed plants in the thirty quad- 
rats in first-year fields showed an average density of 
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15.6 in March, 17.9 in June and 17.2 in September. 
In March these plants were rosettes ranging in 
diameter from one-half inch to six inches with many 
plants of the larger sizes. By June most of them 
had begun height growth, many being as much as one 
to two feet tall. In mid-July a large number were 
blooming, and although some were still only a few 
inches tall, the majority were between four and six 
feet tall. At the time of the last quadrat counts in 
late September, the plants that had bloomed first 
were nearly dead whereas some others were just be- 
ginning to bloom. 

There were more than six times as many horse- 
weeds per unit area in second-year fields as in first- 
year fields. The density in March was 97. In June 
the density had decreased to 78 and to 25 in Septem- 
ber. In March most of the horseweed seedlings in 
second-year fields were less than a half inch in diam- 
eter, and none were seen that were more than one 
inch. Few finally grew to be more than a foot high, 
with the average being about six inches. These 
stunted plants began to bloom by the middle of July, 
and only a few remained alive until September. 

Horseweed plants were found in only one third- 
year field. In this field there was an average of 123 
seedlings per quadrat in March, 56 in June, and 18 in 
September. These plants in the third-year field were 
about the same size as those in the second-year fields. 

Aster. There were only a few newly germinated 
asters (density 0.13) present in first-year fields in 
March, but by June the density had inereased to 4.6, 
and in September it still averaged 4.6, but the decline 
in frequencies between June and September counts 
indicated that some of the seedlings had died and 
other seeds germinated. 

The few asters beyond the seedling stage in the 
badly eroded second-year fields had a density of 0.07 
in March and the same individuals lived through the 
season. Some aster seeds had germinated before 
March (density 4.9) in the second-year fields, and 
this number had increased by June to a density of 
14.6. The survival of these plants could not be de- 
termined as the field containing the largest number of 
seedlings was plowed before September. The density 
of aster seedlings in the other two fields, however, was 
about the same in September as in June. 

In the third-year fields aster plants with dead flow- 

ering stalks from the preceding year averaged 2.8 per 
plot. Most of these plants lived through the season 
and bloomed again in the fall (September density 
2.4). Their height, however, was usually consider- 
ably less in their second year than in the first, as 
judged by the flower stalks still standing. 
Some one-year old asters (density 8.0) were present 
in third-year fields. By June their density had 
dropped to 6.2, and the surviving plants were little 
larger than they were the year before. 

The ground under the old asters in the third-year 
fields was almost completely covered with young 
aster seedlings, with a density in March of 321. 
Seedlings which survived to June ( density 142) were 
seareely larger than they were in March. September 
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density had decreased to 45, including both young 
asters and seedlings of the current year which 
could not be distinguished from each other. 

Broomsedge. There were no broomsedge seedlings 
in first-year fields in March, but in June their density 
was 2.2, and it increased to 4.6 by September. Of 
the two first-year fields checked for broomsedge in 
the following January, one showed the same number 
as in September and the other showed an increase 
from 4.4 in September to 5.8 in January. There was 
no way of knowing whether the same individuals were 
counted at the different times, or whether some died 
and other seeds germinated. Five one-year broom- 
sedge plants were found in the ten quadrats of one 
of the first-year fields that had been abandoned late 
in June of the preceding year, and all five of these 
plants survived through the season. 

No broomsedge seedlings were found in second-year 
fields in March. The June counts showed the low 
density of 0.8 and by September the value had in- 
creased to 1.4. Five one-year old plants that were 
found in the thirty quadrats in the second-year fields 
all lived throughout the period in which quadrat 
counts were made. 

Broomsedge seedlings appeared earlier in third- 
year fields than in first- or second-year fields. The 
density in March was 1.0, and in June 19.8 and in 
September 61.7. In the two fields checked in Jan- 
uary, the density in one remained the same as it was 
in September and in the other increased from 38.8 
to 61.7. In third-year fields most of the broomsedge 
plants which were a year old survived, the density 
being 1.3 in Mareh and 1.1. in September. 

Ragweed. Young ragweed seedlings were found in 
all fields in March. In the first-year fields there was 
an inerease in density from 1.4 in Mareh to 3.5 in 
June, and nearly as high a count in September. The 
highest counts of ragweed were made in third-year 
fields, with densities of 6.3 in March, 3.5 in June, and 
1.5 in September. Ragweeds in first-year fields, 
especially in one where the density of horseweeds and 
other plants was relatively low, usually grew to be 
branching plants three or four feet high. In second- 
and third-year fields the ragweeds were usually un- 
branched plants, less than a foot high except where 
they were growing in spaces unoccupied by many 
other plants. 

Other Plants. There were 22 species of plants 
present in at least two of the three first-year fields 
studied. Aster, broomsedge, and pines, which later 
become dominants, are still in the seedling stages at 
this time. Horseweed, ragweed and erabgrass are 
the only ones of the 22 species that attain sufficient 
size or density to become dominants in the first year. 
A number of other plants that show relatively high 
densities and frequencies at some period of the year 
are small plants, no one of which alone covers 
enough area to be considered a dominant. Some of 
these species are Sagina decumbens (Ell.) Torr. and 
Gray, Oenothera laciniata Hill, Plantago virginica L., 
Diodia teres Walt., Krigia virginica (L.) Willd., 


Polypremum procumbens L., Specularia perfoliata 
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(L.) A. DC., Draba verna L., Allium vineale L., 
Arabidopsis thaliana (L.) Heynh. 

Of the 25 species found in at least two of the 
three second-year fields, all but one, Lespedeza striata 
(Thunb.) H. & A., had been found in at least one 
of the first-year fields although sometimes with low 
densities. There were 23 species found in at least 
two of the third-year fields. Four of these, Tecoma 
radicans (L.) Juss., Triodia flava (L.) Smyth, 
Solidago spp., and Erigeron racemosus (Walt.) BSP. 
had not appeared in a field of a younger stage. 

CONCLUSIONS. Horseweed is a_ winter annual, 
germinating in the fall, living as a rosette over win- 
ter, and blooming by mid-summer. Although the 
density is much lower in first-year fields than in 
second- or third-year fields, the percentage of sur- 
vival and growth of horseweed plants is much 
greater in first-year fields than in the other two ages 
of fields. 

Aster seeds germinate in the spring and early 
summer following their fall maturity and are present 
as small plants in first-year fields. These plants live 
over the winter, grow in height the second summer 
and bloom the second fall. The flower stalk dies, 
leaving a basal rosette of leaves that lives over the 
winter, and produces another flower stalk the follow- 
ing year. The density of aster seedlings under old 
aster plants in third-year fields is very high, but few 
seedlings survive and those that live make very little 
growth. 

Some broomsedge seeds germinate during the 
spring following the fall in which they mature and 
others germinate during the summer and late fall. 
There are few broomsedge seedlings in the first- and 
second-year fields, but the survival of such seedlings 
is high. The survival of broomsedge plants beyond 
the seedling stage is almost 100 percent. A broom- 
sedge plant blooms in its second fall and the clump 
continues to increase in circumference the third year 
and blooms again. 

Ragweed is a summer annual; the seeds germinate 
in early spring and the plants bloom in late sum- 
mer. The survival and growth of ragweed plants is 
greatest in fields where the density of other plants is 
least. 

Horseweed, ragweed and crabgrass are the only 
plants present in first-year fields that have either 
density or size enough to become dominants. 


FIELD SURVEYS 


METHODS. Fifteen first-year fields near Durham 
and four first-year fields in Alexander County in the 
upper Piedmont of North Carolina, were surveyed in 
fall condition. The past cultivational history of each 
field was obtained from the owner or tenant. Ten 
quadrats, one-fourth by one meter in size were spaced 
at regular intervals in each of the fields and counts 
were made of asters and broomsedge by age classes. 
General observations as to the abundance of other 
species and amount of soil erosion were made. 

Eleven second-year fields in fall condition were 
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surveyed near Durham, histories were obtained, con- 
ditions of soil observed, and abundance of each 
species noted. Asters and broomsedge were counted 
in four of the eleven fields, using the same size and 
number of quadrats in each as in first-year fields, 
Several of these second-year fields had been observed 
during the search for permanent quadrat locations, 
but had been rejected because the owner was not 
sure they would not be plowed that season; conse- 
quently, in such fields the dominants of two seasons 
were observed. 

RESULTS. First-year fields. Horseweed was clearly 
the dominant plant in ten of the nineteen first-year 
fields. All of these fields except one had been last 
cultivated in July or August of the preceding year. 
The last crop in seven of these horseweed-dominated 
fields had been corn; garden vegetables were the last 
crop in two, and sweet potatoes in the other one. This 
last field had been observed during the year following 
the October harvesting of potatoes. It appeared bare 
of all vegetation during the winter, and throughout 
the following summer possessed a dense cover of 
horseweed plants that were smaller and less mature 
than the horseweeds in neighboring fields. These 
retarded horseweed plants did not bloom until late 
September and October. 

Three of the first-year fields were dominated by a 
mixture of horseweeds and asters. The last crop 
in two of these fields had been corn, and the last 
crop in the other one was garden vegetables. One 
of the corn fields and the garden had been last culti- 
vated in June and the other corn field in July. 

Six of the first-year fields were clearly dominated 
by ragweed with practically no horseweeds and only 
a few scattered blooming asters. Four of these had 
been plowed in the fall of the year before and planted 
in winter wheat, one had been planted in winter vetch 
following cotton the preceding fall, and the other was 
a cornfield that had been last cultivated in June and 
in which the soil was badly eroded. 

Young asters were found in every first-year field 
studied, ranging in density from 0.1 in a large wheat- 
ragweed field that was a long distance from any 
visible seed source, to 28.6 in a garden plot that had 
a surrounding border of blooming asters. The aver- 
age density of young asters in all nineteen fields was 
5.0 with a frequency of 71.5 per cent. In general, 
the fields that showed greatest evidence of erosion 
had the lowest densities of young asters. In fields 
that had been recently eroded by torrential rains of 
November, 1948, many nearly dead young asters were 
observed with a large part of their root systems ex- 
posed where the soil had been washed away. 

Broomsedge seedlings less than a year old were 
found in the quadrats of only nine of the nineteen 
fields, with an average density of 0.8. Only one older 
broomsedge plant was recorded in the entire 190 
quadrats counted in first-year fields. 

The other species present were in general the same 
ones found in the first-year fields studied with perma- 
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nent quadrats and they occurred with a correspond- 
ing abundance. 

Second-year fields. Of the eleven second-year fields 
all except two were dominated by asters. One of 
those was almost completely covered with Plantago 
virginica in the spring and with Diodia in the fall. 
The other had an almost complete cover of crabgrass 
in some areas and Diodia in others with the Dioda- 
dominated areas appearing much more eroded than 
the crabgrass-dominated parts. A few stunted horse- 
weeds, scattered bunches of blooming broomsedge, 
and an occasional blooming aster were present. 

The first-year histories of all but two of these 
second-year fields were determined by direct observa- 
tion or by information obtained from the owners 
or tenants. Two were dominated by a mixture of 
horseweed and aster following a last crop of early 
abandoned corn. One was a mixture of horseweed 
and aster following a spring planting of lespedeza 
the preceding year. Three were ragweed-dominated 
following wheat, and one following sweet potatoes. 

Blooming asters had an average density of 4.1. 
Blooming broomsedge had a density of 0.4. Broom- 
sedge seedlings had a density of 0.15 in the quadrats 
of the four fields counted. 

CONCLUSIONS. The time of year at which the last 
cultivation of a field takes place greatly influences the 
trend of suecession on first-year fields. Fields last 
cultivated in early summer are usually dominated by 
a mixture of horseweeds and asters the following 
summer. Fields last cultivated in late summer after 
most of the aster seeds of the season have germinated 
are almost always dominated by horseweed. Fields 
last cultivated in late fall after most of the horse- 
weed seeds have germinated are usually dominated 
by ragweed the following summer. 

The density of young aster plants is greater in non- 
eroded fields than in eroded fields. 
horseweed-dominated _ first-year 
dominated by ragweed. 

Most second-year fields are dominated by asters 
even though they are dominated the first year of 
abandonment by either a mixture of horseweeds and 
aster, by horseweed alone, or by ragweed. <A few 
fields, usually badly eroded, are not aster-dominated 
the second year. 


Eroded spots in 
fields are usually 


MEASUREMENT OF GROWTH 


METHODS. Measurements of numerous individuals 
of aster and broomsedge were made in December, 
1948, to determine sizes at different ages in different 
habitats. Five small sample plots were distributed 
at random in four fields that had been cultivated the 
preceding summer, and diameters of all horseweed 
plants falling within these areas were measured. 
Similar plots were located in four of the horseweed- 
dominated fields used for the first-year survey. The 
size of horseweed seedlings was compared with that 
of the seedlings found in zero-year fields. 

All aster and broomsedge plants growing within 
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the one-fourth by one meter quadrats in four of the 
first-year survey fields and four of the second-year 
survey fields were measured, with height measure- 
ments of aster and broomsedge seedlings, and both 
height and basal circumference of older broomsedge 
plants being taken. Blooming asters and all broom- 
sedge plants beyond the seedling stage in the quad- 
rats of two of the third-year permanent quadrat 
fields were measured in the same manner. 

RESULTS. Horseweed. In the zero-year fields 106 
horseweeds rosettes were measured. Only one of 
these plants was less than a half-inch in diameter; 
the remaining ones ranged in size from 14-41% inches, 
averaging one inch in diameter. Of the 698 horse- 
weed seedlings measured in the first-year fields 656 
were one-fourth inch or less in diameter and none of 
the other 62 were more than one inch in diameter. 

Aster. In first-year fields 55 young asters ranged 
in size from one to five inches in height and averaged 
2.2 inches. The 194 young asters measured in 
second-year fields ranged in size from 14-4 inches 
and averaged 0.9 inches in height. Blooming asters 
(70) measured in second-year fields ranged in height 
from 12 to 57 inches and averaged 34 inches, but 
those (43) in third-year fields ranged in height from 
3 to 67 inches and averaged 27 inches. 

Broomsedge. Nineteen broomsedge seedlings meas- 
ured in first-year fields were from 2 to 9 inches in 
height and averaged 5 inches. Six broomsedge seed- 
lings found in the quadrats of the second-year survey 
fields were 3 to 7 inches high and averaged 5.3 inches. 
Nine broomsedge plants in second-year fields that 
were between one and two years old averaged 40 
inches in height and 3 inches in basal circumference. 
Twenty-five broomsedge plants in third-year fields— 
one and a half year old plants being difficult to dis- 
tinguish from older plants—averaged 39 inches in 
height and 10 inches in basal circumference. 

CONCLUSIONS. Horseweed seedlings in second-year 
fields are only about one fourth as large as they are 
in first-year fields. 

Young aster plants grow to be about two inches 
tall by fall in first-year fields, but in second-year fields 
where young asters are growing under mature asters, 
they are only about half as large. 

Broomsedge seedlings grow as well in second-year 
fields as they do in first-year fields. Broomsedge 
plants reach their maximum height in second-year 
fields, but continue to increase in circumference the 
following year. 





Factors INFLUENCING SURVIVAL AND GROWTH 
WATER AND LIGHT 
METHODS. Seedlings of horseweed, aster, and 
broomsedge were grown in the greenhouse during the 
summer of 1948 to see how they would respond to 
variations in water and light. Seeds of the three 


species were planted separately in pots of sandy 
loam, the asters being planted five days before horse- 
weed and broomsedge so that the seedlings of this 





slowly germinating species would be approximately 
the same age as those of the other two species. The 
pots were placed in the greenhouse in such a way 
that one third received full sunlight, one third were 
shaded with cheesecloth over a rack in such a way 
as to receive one-half full sunlight, and the other 
third were shaded to reduce the light to one-fourth 
full sunlight. 

All pots were watered daily until the seedlings were 
ten to fifteen days old. At that time the plants were 
thinned to forty to an eight-inch pot, or less in the 
ease of asters where fewer than that number had 
germinated. Within each variation of light one pot 
of each species was watered every day, another pot 
of each species was watered every seven days, another 
every fourteen days, and a fourth pot of each species 
was watered at a twenty-one day interval. At the end 
of three weeks of differential watering, the surviving 
plants were counted. The differential watering was 
continued for another four weeks. The surviving 
plants were then removed from the soil, oven dried, 
and their average weight determined as a measure of 
the growth that had been made by the plants that 
had been subjected to different environmental con- 
ditions of light and water. 

RESULTS. Horseweed. During the first three weeks 
of differential watering the mortality of horseweed 
seedlings was as follows: 

Full sunlight 


ES Gay Watering 2... «2. ee cies ss 12% 

Be GAY WOUND «oo oinsscvcs es: 75% 
One-fourth full sunlight 

on Gmy WHIOEHIG «2... 5h e0 ees 50% 


All the horseweed seedlings in the other variations 
of light and water were living at the end of the en- 
tire experiment. There was a further slight loss of 
plants during the second period of differential water- 
ing under the same treatments in which plants died 
during the first period as follows: 


Full sunlight 


a ar 03% 
(of plants surviving first watering period) 
re 10% 
One-fourth full sunlight 
22 GAY WOIOMME 2... 65. i ese 25% 


Judging by the average dry weight of plants, the 
optimum conditions for horseweed growth were one- 
fourth full sunlight with a fourteen-day interval be- 
tween waterings. In general the poorest growth was 
made in full sunlight. The best watering period for 
all variations of light was the two-week interval, and 
the poorest growth was made at the three-week 
watering interval. 

Figure 1 shows the survival and growth of horse- 
weed seedlings for the entire period of the experi- 
ment. 
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Fieg. 1. Survival and growth of horseweed seedlings 
with variations in water and light. Differential water- 
ing started when plants were ten to fifteen days old. 
Growth expressed in final dry weight of surviving plants. 
Optimum conditions for growth are one-fourth full sun- 
light (1500 foot candles) with a fourteen day watering 
interval. 


Aster. There were some deaths of asters in six of 
the twelve treatments as follows: 


Full sunlight 


7 day watering ................ 50% 

14 day watering ............000.. 70% 

Bl GBY WEARING 2.266.656. 6bo0kss 70% 
One-half full sunlight 

14 day waterme .....<.....00465 53% 

Si Gay WAIT 2.56. Se eee. 70% 
One-fourth full sunlight 

21 day watering ................ 96% 


All of the aster seedlings that survived the first period 
of differential watering were still living at the end of 
the second period. 

Although the mortality among the asters was great- 
est in full sunlight, the plants that lived made the 
greatest growth in full sunlight. In every variation 
of watering the asters in full sunlight were definitely 
larger than those in the other two variations of light 
(Fig. 2). 

Broomsedge. The deaths of broomsedge seedlings 
during the first period of differential watering were 
as follows: 


Full sunlight 
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Fic. 2. Survival and growth of aster seedlings with 


variations in water and light. Differential watering 
started when plants were ten to fifteen days old. Growth 
expressed in final dry weight of surviving plants. Opti- 
mum conditions for growth of asters are abundant water 
and light. 
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Fig. 3. Survival and growth of broomsedge seedlings 
with variations in light and water. Differential water- 
ing started when seedlings were ten to fifteen days old. 
Growth expressed in final dry weight of surviving plants. 
Optimum conditions for growth are full sunlight (6000 
foot candles) with watering every seven days. 


All broomsedge seedlings that survived the first period 
of differential watering lived until the end of the 
experiment (Fig. 3). 

Seedlings in both conditions of reduced light soon 
showed a definite chlorosis, which became more pro- 
nounced with additional time, while those plants in 
full sunlight were dark green in color. Broomsedge 
seedlings showed their optimum growth in full sun- 
light with the seven day interval between watering. 
The seven-day watering interval produced the best 
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growth in all three variations of light, with gradual 
decrease in growth as the interval between watering 
was lengthened. The plants grown in one-fourth 
full sunlight showed consistently less growth at every 
watering interval than the plants grown with more 
light. 

CONCLUSIONS. Horseweed seedlings are drought- 
resistant, capable of enduring two to three weeks of 
drought without death of a large number of plants. 
They make their best growth in reduced light when 
watered every two weeks. 

About half of the aster seedlings died in full sun- 
light when deprived of water for one week. Mortality 
is somewhat reduced with shading, but growth is also 
greatly reduced. Asters make their best growth with 
an abundance of both light and water. 

Broomsedge seedlings can endure one to two weeks 
in full sunlight without severé loss of plants. Mor- 
tality is reduced with shading, but growth is also 
reduced. Broomsedge makes best growth in full 
sunlight when watered once a week. 


SUBSTANCES PRODUCED BY LIVING PLANTS 


METHODS. Experiments were carried out in the 
greenhouse during the late winter and early summer 
of 1948 to determine the effect of substances produced 
by living plants of each of the dominant species of 
old field succession upon the growth of others of the 
same species or upon individuals of the other two 
species. Clay pots were fitted with drain tubes and 
filled with unsterilized sandy loam soil from a field 
which had been cultivated the preceding year. Young 
plants of aster, horseweed, and broomsedge from 
fields were set one to a pot, except in the pots which 
were left without plants to be used as controls. When 
these donor plants were established and growing, 
receiver pots were set up; seeds of the three species 
being studied were planted separately in pots con- 
taining soil from the same source as that used in 
the donor pots. 

The pots of seedlings of each species were ar- 
ranged so that three pots of each species were watered 
with drip water from horseweed, three from aster, 
three from broomsedge and three from control pots 
containing soil in which no plants were growing. 
Each of the three sets of replications were placed 
at different exposures in a greenhouse room. The 
donor pots were watered with distilled water every 
three to five days when the receiver seedlings were 
young, and every five to seven days after the plants 
were well established. Receiver plants were given 
no water except that which percolated through the 
soil of the donor pots. None of the receiver plants 


showed any sign of wilting on this watering schedule. 
Plants of other species were pulled out as they 
germinated and the receiver plants were gradually 
thinned, always leaving the largest plants, until only 
two plants remained in each pot. 
The receiver plants were measured periodically, the 
diameter being used for the rosette stage of horse- 
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weed and height for the later stages of horseweed 
and all stages of aster and broomsedge. During the 
first week in August, 1948, when the receiver plants 
were five months old and some of the horseweed plants 
were beginning to bloom, they were removed from 
the soil, dried in an oven, and their weights com- 
pared. The data were analyzed to see if there were 
any significant differences in size at any stage that 
could be attributed to differences in treatment. 

RESULTS. At the end of the experiment when the 
plants were five months old, most of the individuals 
which had been grown in the greenhouse much larger 
than plants of the same age that were growing in 
the fields under natural conditions. The horseweed 
plants ranged in size from 5 to 36 inches tall, the 
asters from 7 to 47 inches and the broomsedge from 
6 to 34 inches. 

Statistical analyses -of the data for size measure- 
ments and final dry weights showed that there were 
more variations within each treatment than there 
were between treatments; consequently no differences 
in size at any time could be attributed to substances 
produced by living plants and passed to other plants 
in the soil water. 

CONCLUSIONS. None of the old field dominants 
produced substances that are carried in soil water 
and thus inhibit or stimulate the growth of any one 
of the others. 


DECOMPOSITION PRODUCTS 


METHODS. Greenhouse experiments were carried 
out in the spring and summer of 1948 to determine 
the effect of decaying organic matter from each of 
the dominants of old field succession upon that species 
and upon the other two. Horseweed, aster, and 
broomsedge were grown in pots containing chopped 
roots or tops of one of the dominants mixed with 
sandy loam from a field that had been cultivated the 
preceding year. An attempt was made to estimate 
the amount of such plant parts that might normally 
be found in a given amount of old field soil at some 
stage in the succession. These estimates indicated 
that 115 grams of slightly damp roots or 80 grams 
of air-dry tops added to four thousand grams of soil 
in each pot would approximate the normal field con- 
ditions. Samples of each kind of plant part were 
ovendried to determine the amount. of moisture in 
each. Three replications of each species were grown 
in soil containing one of the following kinds of 
organic matter: (1) horseweed roots, (2) horseweed 
tops, (3) aster roots, (4) aster tops, (5) broomsedge 
roots, (6) broomsedge tops. Three replications of 
each species to be used as controls were grown in 
soil containing no plant parts. 

(1) Seeds were planted on February 26, 1948, and 
plants were watered with distilled water throughout 
the experiment. Other species were removed as they 
germinated and the desired species were gradually 
thinned, always leaving the largest plants until two 
plants remained in each pot. The plants were 
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measured at intervals in the same way as in the pre- 
ceding experiment. When the plants were five 
months old, they were removed from the pots, oven- 
dried and their weights compared. The remains of 
the organic matter were sifted from the soil, washed, 
oven dried, and weighed. Final dry weight was 
compared with the original to determine the amount 
of decay that had taken place. 

(2) If the plants in the preceding part (1) of the 
experiment should show a difference in growth in 
the soils containing different kinds of organie mat- 
ter, it would not be known whether these differences 
were caused by some toxie substances, by mineral 
deficiencies, or by some other cause. In an effort to 
see the relation of mineral deficiencies to differential 
growth, should there be any, part of the experiment 
was repeated using a complete nutrient solution sug- 
gested by Hoagland and Arnon (1938) instead of dis- 
tilled water so that there could be no mineral de- 
ficiencies. Horseweed plants were grown in sand, 
some of the pots containing horseweed roots, some 
containing horseweed tops and others containing no 
plant parts. Parts (1) and (2) of the experiment 
were carried out in the same general way except that 
in part (2) the plants were watered with nutrient 
solution instead of with distilled water. 

(3) Horseweed plants were grown in unsterilized 
soil and watered with complete nutrient solutions with 
the same combinations of living plants and _ plant 
parts as used in the sand-nutrient solution experi- 
ment (2) to see if the soil organisms present in the 
soil but not in the sand would make a difference in 
growth. 

RESULTS. Horseweed. Noticeable differences in 
the diameters of horseweed seedlings in the soil-dis- 
tilled water part of the experiment were evident with 
two of the treatments as early as two weeks after the 
seeds germinated. The plants growing in pots con- 
taining horseweed roots were noticeably smaller than 
the controls and other treatments, and the seedlings 
growing in soil containing aster roots were consist- 
ently larger than any of the others. 

When the plants were two months old, the six 
horseweed plants growing with horseweed roots 
averaged 4.3 em. in diameter, the ones with aster 
roots 12.1 em., and the ones in the controls 8.5 em. 
Statistical analysis of the data for this stage showed 
that there was less than one chance in twenty that 
these variations in size could be attributed to con- 
ditions other than the differences in kind of organic 
matter in the soil. Figure 4 shows the relative size 
of plants with different treatments when they were 
two months old. Horseweeds growing in soil con- 
taining aster roots continued to be larger than the 
others during the entire five months the plants were 
growing, and statistical analysis showed this differ- 
ence to be significant at the five percent level. As 
the plants inereased in age there was so much varia- 
tion within each treatment that the differences be- 
tween treatments became insignificant. Horseweed 
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Fig. 4. Two-months-old horseweed plants growing in soil containing the following kinds of organic matter: HR- 
horseweed roots, HT- horseweed tops, AR- aster roots, AT- aster tops, BR- broomsedge roots, BT- broomsedge tops, 


C- Control (no organie matter added). 


Block 1, 2, and 3 are three replications of each treatment. 


Aster roots 


(AR) added to soil produced a significant increase in size, and horseweed roots (HR) resulted in reduced size of 


plants when compared with control. 


plants growing with horseweed roots remained smaller 
than the controls, but failed to show a significant 
difference in size after they were two months old. 

In the sand-nutrient solution part of the experi- 
ment all plants grew luxuriantly, with little differ- 
ence at any time in size of individuals. The six 
plants growing with horseweed roots at two months 
averaged 24.5 em. in diameter, those with horseweed 
tops averaged 27.5 em., and those in the controls 24.5. 
These differences are statistically insignificant at the 
5 percent level. 

In the soil-nutrient solution part of the experiment 
those plants growing in soil containing organic mat- 
ter were consistently larger at every measurement 
than those growing in soil without additional organie 
matter. When the seedlings were six weeks old the 
diameters of plants growing with horesweed roots 
was 6 em., those with horseweed tops 10.1 em. and 
those in the controls 4.1 em. These differences are 
significant at the 5 pereent level. When the plants 
were two and a half months old, the plants with 
horseweed roots averaged 23.3 em., those with horse- 
weed tops 23.3 em., and in the control 21.6. The 
differences within the treatments were so small that 


Other treatments produced no significant differences. 


the differences between the control and the other two 
treatments proved significant. The final dry weights 
showed that those plants grown with horseweed roots 
averaged (15.65 gms.) twice as much as the controls 
(7.75 gms.), and the differences proved to be sig- 
nificant. The dry weights of those plants grown in 
soil containing horseweed tops (8.88 gms.) were not 
significantly greater than the control. 

Aster. Asters grown in the soil-distilled water part 
of the experiment showed a decided difference in 
size for different treatments when they were two 
months old. Figure 5 shows the asters at the age of 
two months when the stunting effect of horseweed 
roots and tops and broomsedge tops, and the stimu- 
lating effect of aster roots was quite apparent. Plants 
in soil containing aster roots were definitely the 
largest, averaging 14.1 em. in height, and those in 
soil containing horseweed roots were significantly (at 
the 5 percent level) smaller than the controls, which 
averaged 11.0 em. By the time the plants were three 
months old the variations within each treatment were 
so great that the differences between treatments were 
not significant except in the case of those plants 
growing with aster roots, which were almost twice 
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Fie. 5. Two-months-old aster plants growing in soil containing the following kinds of organic matter: HR- I 
horseweed roots, HT- horseweed tops, AR- aster roots, AT- aster tops, BR- broomsedge roots, BT- broomsedge tops, | 
C- Control (soil with no organic matter added). Block 1, 2, and 3 are three replications of each treatment. Aster 5 
roots (AR) added to the soil produced a significant increase over the control and aster tops (AT), broomsedge t 
tops (BT), horseweed tops (HT), and horseweed roots (HR) rcsulted in plants significantly smaller than the con- t 
trol. 1 
' ‘ - ; I 
as tall as any of the others. Although the height gms.), and aster tops (5.72 gms.) were slightly t 


measurements in later stages failed to show sig- 
nificant differences, the final dry weights showed 
significant differences in four of the six treatments 
that were compared with the controls. At the end of 
the experiment the asters grown with aster roots were 
largest (average, 14.3 gms.) ; those in soil containing 
horseweed roots (3.58 gms.), horseweed tops (3.75 
gms.), and broomsedge tops (3.38 gms.) were sig- 
nificantly smaller than the controls (10.75 gms.). 

Broomsedge. Height measurement of broomsedge 
failed to be a fair evaluation of size, as it did not 
show the amount of tillering and cireumference of 
clumps. There were no significant differences in 
height at any time among the plants grown with 
different treatments. . Final dry weight, however, 
skowed that those broomsedge plants grown in aster 
roots (av. wt. 8.86 gms.) were more than twice as 
heavy as those grown without organic matter (3.62 
gms.). Plants grown in soil containing broomsedge 
roots (3.45 gms.) and broomsedge tops (3.27 gms.) 
were slightly smaller than the control and those with 
horseweed roots (5.34 gms.), horseweed tops (5.62 


larger than the controls. 

Decay and plant growth. The amounts of unde- 
eayed plant parts remaining in soil after plants had 
been growing in it for five months eould not be de- 
termined accurately because it was difficult to separate 
small particles of organic matter from the soil. In 
spite of the possible experimental error, some in- 
formation was obtained concerning the rate of decay 
of the different plant parts and its correlation with 
growth of the plants. 

Ninety-eight percent of the aster roots placed in 
soil had decayed at the end of five months. All three 
species in soil containing aster roots made much 
greater growth than plants receiving any other treat- 
ment. Broomsedge roots showed the next highest 
amount of decay (71 percent) and no plants were 
stunted when grown with broomsedge roots. Broom- 
sedge tops, with 67 percent decay, stunted horseweed 
in early stages and aster at all stages. Horseweed 
roots with 64 percent decay stunted horseweed in 
early stages and aster at all stages. Aster tops (32 
percent decay) and horseweed tops (27 percent de- 
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eay) significantly reduced the growth of asters. 

When horseweeds were grown in sand and watered 
with nutrient solution, horseweed roots (30 percent 
decay) and horseweed tops (27 percent decay) did not 
affect the growth, and all plants grew equally well. 
When horseweed plants were grown in soil watered 
with nutrient solution, those plants growing with 
horseweed roots (98 percent decay) made much more 
growth than those growing with horseweed tops (65 
percent decay). Plants growing in soil without added 
organic matter made less growth than those with the 
other two treatments. 

concLusions. The kind of decaying organic mat- 
ter in the soil does influence growth of the dominant 
plants of old fields. Growth of plants seems to be 
related to the amount of deeay of organic matter, and 
the amount of decay is not the same for different 
plant parts. Aster roots in soil decay more rapidly 
than other plant parts tested and produced the 
greatest growth in all three species. Horseweed roots 
in soil inhibit the growth of horseweed seedlings and 
of aster at all stages. Broomsedge tops, aster tops, 
and horseweed tops inhibit the growth of asters. 

Plants grown in sand or soil containing organie 
matter to which nutrient solution has been added are 
not inhibited in growth. 


COMPETITION BETWEEN ASTER AND BROOMSEDGE 


METHODS. Field observations had shown that asters 
of all ages made little growth where broomsedge was 
increasing in number and size of clumps, and green- 
house experiments had indicated that living broom- 
sedge produced no substances that inhibit the growth 
of asters. A controlled field experiment was set up 
to determine the effect of competition of broomsedge 
upon aster plants, and to determine if possible the 
basis of competition. It was hoped that an answer 
to the problem of why broomsedge replaces aster 
in old field sueceession might be partially solved by the 
results of such an experiment. 

Three large broomsedge plants were selected in one 
of the third-year permanent quadrat fields. With 
each of these plants at the center, circles with one- 
meter radii were cleared by pulling up all the plants 
except the broomsedge and by removing the top inch 
of soil. On July 17, 1948, after the soil had been 
thoroughly wetted by a recent rain, young aster 
plants about an ineh high that had been grown in 
the greenhouse were set at one-eighth meter intervals 
from the broomsedge on four radii of each eircle. 
The plants that died during the first few days fol- 
lowing resetting were replaced and by the end of a 
week all aster plants were established and living. 
On September 26, near the end of a five-week drought, 
the plants were checked for survival, the living plants 
were removed from the soil, and oven-dried. The 
average dry weights of all plants equidistant from a 
broomsedge plant were calculated. 

The soil moisture conditions near the end of the 
five-week drought were determined in each of the 
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experimental plots and also in the three third-year 
fields with permanent quadrats to see if water might 
be critical in competition. Soil samples were taken 
Vy, 3%, and 5% meters from the broomsedge plants 
at the center of each plot. The percentages of total 
water present, and the wilting percentage of each 
sample were determined, and from these data the 
water available to plants was calculated. Soil samples 
were taken beside quadrats one, five, and _ ten 
in each of th third-year permanent quadrat fields and 
available water calculated in like manner. 

The distribution of broomsedge roots was de- 
termined by digging around the plants in the center 
of each plot to see how the extent of the root system 
corresponded with the survival of the asters. 

RESULTS. The following table gives the percentage 
ot plants dying and the average dry weight of the 
surviving plants for each distance from a broomsedge 
plant, and the available water present after drought 
at three of the positions. 

Distance 


from broom- 
sedge in 


Pereent of 
available 
water in 


Average dry 
weight of sur- 


Percent of viving plants 





meters plants dying in grams soil 
\, 0.0598 1.70 
2% 0.1140 
BQ 0.2000 3.52 
4 0.3905 
WY Calon itor 8.8 0.4570 6.40 
eee 0 0.4200 


0.2060 


Most of the broomsedge roots extended to between 
two-eighth and three-eighth of a meter from the edge 
of each clump, with very few roots being found 
beyond this distance. More aster plants died in the 
regions where roots of broomsedge and aster were 
growing in the same soil than in other areas, and the 
surviving plants made less growth than elsewhere. 
The available water after drought was very low (1.70 
pereent) in soil oceupied by broomsedge roots, but 
wes greater outside the range of these roots (6.40 
percent). Two of the twelve plants growing near 
the edge of the cleared plots died, and the surviving 
plants made less growth than ones located near the 
middle of the radii. 

One of the third-year permanent quadrat fields 
which was clearly dominated by asters in 1947 and by 
broomsedge in 1948 showed the lowest available water 
of any of the third-year fields following a period of 
five weeks with very little rain. Soil samples from 
beside quadrats one, five, and ten showed the avail- 
able water to be 1.83 percent, 2.58 percent, and 3.38 
percent. 

A second third-year field which was dominated by 
asters in 1947 showed a clear broomsedge dominance 
in 1948 on most of the field which was on a slight 
slope, but retained aster dominance in a small low 
area at the end of the field where the first quadrat 
was located. Soil samples showed the available water 
near the aster-dominated first quadrat to be 2.84 per- 
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cent, but at quadrats five and ten which were up the 
slope in the broomsedge-dominated areas the values 
were 2.38 percent and 1.83 percent. 

The other third-year field was aster-dominated in 
1947 and although the number and size of broomsedge 
plants had inereased slightly, the field was still aster- 
dominated in 1948. The available moisture was much 
higher in this field than in the other two, being 5.85 
percent, 7.45 percent and 6.66 percent at the three 
stations tested. 

CONCLUSIONS. The survival and growth of asters 
is poor when they are growing near thriving broom- 
sedge plants. Competition for water may be one of 
the controlling factors in the replacement of aster 
dominance by broomsedge in old field succession. 


CORRELATIONS AND 
GENERAL CONCLUSIONS 


Causes OF OLD Fietp Succession 


THE GENERAL TREND 


The object of this study was to contribute to our 
knowledge of the causes of secondary succession by 
solving some of the problems concerning one par- 
ticular example, namely, early old field succession in 
the Piedmont of North Carolina. To do this a 
number of general and specific questions needed to 
be answered. The foregoing experiments and ob- 
servations were an attempt to answer as many of the 
specifie questions as possible. The general questions 
usually could not be answered by one experiment or 
observations alone, but required evidence from sev- 
eral or all of the experiments and observations. 

Although all of these questions have not been 
answered satisfactorily, several have been partially or 
nearly clarified, and the conclusions should add sub- 
stantially to an understanding of succession in gen- 
eral. 

WHY HORSEWEED IS USUALLY THE DOMINANT OF 
FIRST-YEAR FIELDS. The answer to the question of 
why horseweed rather than some other plant is 
usually the dominant of first-year fields lies largely 
in the facts of its life eycle, and to a much less extent 
in its response to the environmental conditions present 
in first-year fields. Corn, tobacco, cotton, garden 
vegetables, and other crops that are last cultivated in 
July or August occupy much of the farm land in the 
Piedmont of North Carolina. The fact that horse- 
weed seeds are mature and ready to germinate at the 
time of year when most farm land in the Piedmont 
of North Carolina has been cultivated for the last 
time in a season gives it an advantage over other 
plants. The other old field species that possess 
genetic possibilities of being plants as large as horse- 
weed are spring-germinating species, and many of 
them are slow-growing perennials that do not reach 
their maximum size the first year. 


Horseweed is a. composite which produces many 
small wind-borne seeds, so that an adequate supply of 
seeds is rarely lacking. Although the density of 
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horseweed plants in first-year fields is usually high 
enough to insure a fair to good stand, the density 
is also low enough so that there is no severe compe- 
tition among individuals of the same species. Under 
favorable conditions horseweed grows to be the largest 
plant of any species commonly found in first-year 
fields. Ragweed, also commonly present, sometimes 
approaches the size of horseweed, but being a spring- 
germinating species, gets started after horseweed is 
well established, and thus fails in competition 
with horseweed. Crabgrass is often present in large 
numbers, but even under the best environmental con- 
ditions rarely grows more than a foot high. Conse- 
quently it shares dominance with horseweed and 
does not replace it. 

Horseweeds make their early growth in the fall, 
winter, and early spring when environmental con- 
ditions are favorable for the species. They are rela- 
tively drought-resistant plants, and a large number 
of them survive the fall droughts that normally oceur 
in the Piedmont. They make their best growth in 
reduced light, and the short days with low light in- 
tensities during the fall and winter months are 
favorable for their growth. The ground cover of 
crabgrass plants that is often present in old fields 
at the time when horseweed seedlings are young is 
not harmful to them, but may be helpful in reducing 
light. 

WHY HORSEWEED FAILS TO HOLD DOMINANCE AFTER 
THE FIRST YEAR. Greenhouse experiments showed 
that horseweed seedlings were definitely stunted when 
they were grown in soil containing decaying horse- 
weed roots, even though competition had been re- 
moved. Field observations and measurements showed 
that horseweed seedlings growing in fields in which 
the dead horseweed plants of the preceding sum- 
mer were still standing were much smaller than those 
in fields that had been cultivated the previous sum- 
mer. Although the stunting of horseweed seedlings 
in second-year fields could be caused partially by the 
inhibiting effect of decaying horseweed roots in the 
soil, this could not have been the only cause, for 
horseweed plants growing with horseweed roots in 
the greenhouse where competition was not a factor, 
finally overcame the initial stunting effect. There 
were more than six times as many horseweed indi- 
viduals per unit area in second-year fields as in first- 
vear fields, and young asters were usually present 
in sufficient numbers to make competition a factor. 
The initial stunting effect of horseweed roots com- 
bined with the continued competition of numerous 
horseweed individuals and young asters could be 
enough to cause the loss of dominance by horseweed 
the second year. In eroded second-year fields where 
few young asters were present, the numerous horse- 
weed seedlings were of the same small size as those 
in similar-aged fields containing many young asters, 
so it would seem that the inhibiting effect of horse- 
weed roots and the competition among the large num- 
bers of horseweed individuals could cause the small 





re 


a of fhe 3k ~~ 


- ome ae ax 





July, 1950 


size of horseweeds without the added competition 
of asters. 

The loss of dominance of horseweeds in second-year 
fields is not caused by the shading effect of asters or 
other plants. At the time the young horseweed 
plants are growing in second-year fields there are 
few other plants to diminish the amount of light 
reaching the seedlings; the bare stalks of the pre- 
ceding horseweed stand obstruct little light and young 
asters are too small to interfere with light reaching 
the seedlings. Furthermore, horseweed seedlings grow 
best with the degree of reduction of light that is the 
normal condition for fall and winter. 

Living aster plants produce no substance carried in 
soil water that inhibits the growth of horseweed 
plants; so living asters do not influence the decline 
of horseweed dominance in any way except in com- 
peting with them for water and minerals. As asters 
increase in size in the spring and summer of the 
second year, the already stunted horseweeds are at a 
still greater disadvantage, and never grow large 
enough to share dominance with asters in second- 
year fields. 

WHY ASTER IS DELAYED IN ASSUMING DOMINANCE 
UNTIL THE SECOND YEAR. Much of the agricultural 
land in the Piedmont of North Carolina is cultivated 
for the last time in July or August. Aster seeds 
mature so late in the fall that the weather is normally 
too cool by that time for aster seeds to germinate. 
Consequently the germination is delayed until the 
following spring. Asters germinate in cultivated 
fields during the spring and early summer and are 
destroyed by the subsequent cultivation of such fields. 
No aster seedlings were found in the plots that were 
spaded on June 15 and later, and permanent quad- 
rats showed an increase in aster seedlings between 
June and September in only one of the nine fields. 
This indicates that most of the aster seeds do germi- 
nate before the last of June, but that a few may be 
delayed in germination past that time. Oosting & 
Humphreys (1940) reported no buried viable seeds 
of aster found in around Durham that had 
previously been occupied by old field vegetation, so it 
is not likely that aster seeds brought to the surface 
by summer cultivations would germinate. Conse- 
quently the last cultivation of farm land in this area 
usually oceurs after most of the asters have germi- 
nated and the young seedlings are thus destroyed. 
An occasional surviving aster was observed in a re- 
cently plowed field in the late summer of 1948, indi- 
cating that some asters do escape the plow. These 
few plants that are not destroyed by cultivation, or 
are derived from late germinating seeds, account 


soils 


for the occasional blooming aster seen in first-year 
horseweed-dominated fields. 

Although aster seedlings show best survival with 
reduced light, they make best growth in full sunlight. 
horseweed-dominated 
field are somewhat shaded during the first few months 
of their life. 


Young asters growing in a 


This partially accounts for the faet 
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that asters grown in the greenhouse with abundant 
water and no shading made much more growth than 
asters grown in the fields. Dead horseweed stalks 
cast but small shadows, so the asters are exposed to 
essentially full sunlight in the fall, winter, and fol- 
lowing spring and summer after the previously 
dominant horseweeds die. 

Decaying horseweed roots were found to have a 
greater stunting effect upon asters than they did upon 
horseweeds. Aster seedlings, however, are usually 
three to six months old before the horseweed plants, 
under which they grow, die and begin to decay. It 
cannot be said, however, that decaying horseweed 
roots do not inhibit the growth of asters to some ex- 
tent, and that may be another reason why asters in 
the field grew more slowly than they did in the green- 
house. 

Horseweeds, living or dead, do not stimulate the 
growth of asters. The living horseweeds may aid 
to some extent in the survival of aster seedlings by 
providing shade, but that same shade and the in- 
hibiting effects of dead horseweed roots stunt the 
growth of asters. Therefore asters make some growth 
their first season in spite of the horseweeds, not be- 
cause of them. Asters in the greenhouse bloomed 
their first season. It is possible that if no horseweeds 
or other plants were present in first-year fields to 
reduce the light and to compete for available soil 
moisture, asters might be dominant in a field in the 
fall of the first year of abandonment. 

WHY ASTER FAILS TO HOLD DOMINANCE AFTER THE 
SECOND YEAR. In the water and light experiments in 
the greenhouse aster seedlings showed their best 
survival in reduced light, as long as water was avail- 
able, but made their best growth in full sunlight 
with abundant water. Asters were definitely the least 
drought-resistant of any of the three species studied. 
With a two-week watering interval the survival of 
seedlings increased progressively as the light was 
reduced, but with a three-week watering interval the 
reverse was true; there was a greater survival in full 
sunlight and nearly all of the plants died in the re- 
duced light. 

In the spring of the third year there were a large 
number of seedlings present under the shade of the 
old asters, broomsedge and other vegetation. Most 
of these seedlings died before fall, and the surviving 
ones made very little growth. 

The old asters that had bloomed the preeeding year 
made considerable growth until about mid-summer, at 
which time many of them, especially the ones that 
were growing near large broomsedge plants, made 
little further growth and showed a rolling and yellow- 
ing of the leaves. Most of the old aster plants that 
had bloomed the preceding year lived and bloomed 
the second fall, but since they averaged only 27 inches 
high, they were not conspicuous in the fields where 
broomsedge plants averaged 39 inches. 

In the field experiment where asters were placed in 
with large broomsedge plants, 


direct competition 
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those asters whose roots oceupied the same soil as 
that occupied by broomsedge roots showed greater 
mortality and less growth than those asters growing 
in soil not occupied by broomsedge roots. It is true 
that those plants close to the broomsedge were shaded 
a greater part of the day than those further away, 
but with all the other vegetation removed from the 
plots, all asters received full sunlight more than 
half of each day. The available soil moisture was 
less in the areas occupied by broomsedge roots than 
in soil not oceupied by them. Young broomsedge 
plants are more drought-resistant than young asters, 
and older broomsedge plants in fields have a very 
high rate of survival. These facts, combined with 
the wide distribution of species of Andropogon in 
areas of North America where annual rainfall is low, 
suggests that broomsedge is relatively drought-re- 
sistant. When asters and broomsedge are competing 
for moisture in the same soil and when the available 
soil water is low, the broomsedge lives and continues 
to grow and the asters make little growth and finally 
die. 

The soil moisture measurements in third-year fields 
confirm the idea that competition for water is one of 
the determining factors in the replacement of asters 
by broomsedge in old field succession. Those fields 
in which the available water is low during droughts 
are more clearly dominated by broomsedge than are 
those fields in which the available water is higher, 
and broomsedge dominanee in such fields with higher 
moisture may be delayed a year until the broomsedge 
plants increase in size and number. 

The reduced light in third-year fields is clearly one 
of the factors influencing the loss of dominance by 
asters in old fields. Few aster seedlings survive and 
grow to maturity in old fields after the vegetative 
cover of mature asters, broomsedge and other vegeta- 
tion increases; the old asters fail to make sufficient 
growth in the reduced light to compete satisfactorily 
with the increasing broomsedge plants and _ finally 
die. 

No evidence was found that living broomsedge or 
living asters produce any substances that inhibit the 
growth of asters. Both decaying horseweed roots 
and tops, which inhibit the growth of asters, are pres- 
ent in the soil at the time asters are losing dominance, 
but the actual amount of organie matter from the 
small horseweed plants that remain from second-year 
fields is too small to be an important factor in the 
elimination of asters. 

WHY BROOMSEDGE IS DELAYED IN ASSUMING DOMI- 
NANCE UNTIL THE THIRD YEAR. There are few broom- 
sedge seedlings of any age in old fields for the first 
two years after abandonment. Quadrat counts showed 
that there were few broomsedge seedlings in the 
first- and second-year fields at any time, and general 
observations even following rainy seasons, failed to 
show seedlings of this plant in numbers in any except 
third-year or older fields. Those few seedlings seen 
in the first- and second-year fields were usually found 
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in open sunny portions of the quadrats rather than 
under the partial covering of crabgrass which was 
usually present. 

No tests were made to see what percentage of 
brcomsedge seeds germinate, but in all the greenhouse 
experiments involving planting of the three species, 
there was never any trouble in obtaining a full stand 
of broomsedge seedlings when layered seeds were used, 

The water and light experiments showed that 
broomsedge seedlings are relatively drought-resistant. 
A large percentage of them are able to survive one 
to two weeks in full sunlight without watering with 
some increase in survival, but not in growth, with 
decreased lighting at the same watering intervals. 

Broomsedge seeds are small and wind-borne, but are 
not so small as those of horseweed or aster, and may 
not be so easily transported. No tests were made 
to determine how far broomsedge seeds are com- 
monly transported from their seed source. Although 
no old field in the Piedmont is far from a stand of 
brcomsedge, it is possible that the seeds may not be 
carried far enough to produce a full stand. Oosting 
and Humphreys (1940) found three viable broom- 
sedge seeds in 200 eubie inches of soil (maximum 
depth 5%, inches) taken from a zero-year field, one 
from a second-year field, and 37 from a fifth-year 
field. These data indicate the seareity of viable 
seeds in old fields during the first two years of 
abandonment and the great number present after 
broomsedge becomes established. Those few plants 
that do appear in first-year fields do not produce 
mature seeds until the fall of the second year, and 
since the seeds require a period of cold dormancy 
they are not ready to germinate until the following 
spring. Consequently the spring of the third year 
is the first time an abundance of seeds is present in 
old fields. 

Neither products of living horseweed or aster, nor 
products of their decay inhibit the growth of broom- 
sedge. Broomsedge plants did grow somewhat better 
in soil containing organic matter from horseweed 
tops, horseweed roots, and aster-tops, and decidedly 
better in soil containing aster roots than in soil con- 
taining little organic matter. 

Some environmental conditions in third-year fields 
are favorable for the growth of broomsedge plants 
and others are unfavorable. The abundance of or- 
ganie matter found in soils of third-year fields seems 
to be beneficial to the growth of broomsedge plants, 
but the reduced light is unfavorable. Because broom- 
sedge plants are more drought-resistant than asters, 
they are able to compete successfully with the asters 
and other vegetation present in third-year fields. The 
environmental conditions influence the survival and 
growth of broomsedge plants in fields once they are 
there, but the initiation of broomsedge dominance 
in old fields is probably retarded largely by the lack 
of seeds, and this condition is not remedied until the 
few first invaders are old enough to produce the 
seeds necessary for a full stand. 
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VARIATIONS FROM THE GENERAL TREND 
An understanding of the causes of the general trend 
of succession in old fields of the Piedmont of North 
Carolina helps to explain variations from the general 
trend. 


WHY SOME FIRST-YEAR FIELDS ARE RAGWEED-DOMI- 
NATED. Ragweed seeds require a period of cold 


dormancy and do not germinate until the spring fol- 
lowing their maturation. In the fields studied the 
largest and most vigorous plants were found in the 
first-year fields and especially in those where the 
density of other plants was low. Although the spring 
density of ragweed plants was highest in third-year 
fields, the mortality of seedlings was also highest 
and the plants never grew to be large. Although no 
tests were made as to the light and water requirements 
of ragweed, field observations suggest that it does not 
compete successfully with other dominants. 

Ragweed dominated all first-year fields in which 
wheat had been planted the preceding fall. Wheat 
is planted in this region in October and early No- 
vember. The plowing of soil in preparation for 
wheat planting destroys the young horseweed seed- 
lings that germinate in the early fall months. The 
plants from the horseweed seeds that germinate after 
wheat is planted are not able to compete successfully 
with the fuil stand of winter wheat, and remain small 
or die. Ragweed germinates the following spring and 
passes through its young seedling stage under the 
protection of the wheat. When the wheat is har- 
vested in early June, it is removed as a competitor, 
full sunlight is available for the ragweed, horseweeds 
and most other plants are absent, and ragweed 
assumes complete dominance. 

Young asters are present in the ragweed fields and 
succession proceeds normally to asters the following 
year. Young asters are of approximately the same 
size in these fields as in horseweed dominated ones, 
which indicates that any fast growing species which 
shades asters and competes with them for water re- 
tards their growth. 

One field from which sweet potatoes were harvested 
in late fall was dominated by ragweed the following 
year and another such field was dominated by horse- 
weed. The sweet potato field that was followed by 
horseweed was adjacent to a large field dominated by 
horseweed. The number of horseweed seeds available 
from the adjacent field was high and those seeds 
germinated in late fall or early spring, to produce 
a full crop of horseweed plants against which rag- 
weed seedlings failed in competition. 

Another ragweed-dominated field had been fall- 
plowed and planted in winter vetch with much the 
same results as fields with winter wheat. 

Eroded edges and spots in fields otherwise domi- 
nated by horseweed are usually occupied by rag- 
weeds. Horseweeds probably germinated in these 
areas the preceding fall, and although the flat rosettes 
of horseweed would have a tendency to keep the soil 
from being washed away from the roots, severe 
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erosion could remove or cover up the entire plant. 
In areas which are swept clean of horseweed seedlings 
by winter rains, ragweeds germinate the following 
spring and grow to be fair sized plants without com- 
petition. 

One extremely eroded field in which the corn crop 
of the preivous year had been last cultivated in June 
produced a pure stand of ragweed. Winter erosion 
had probably removed most of the horseweeds, asters, 
and other vegetation, and the spring-germinating rag- 
weed grew without competition to be dominant in 
the field. 

WHY ASTERS OCCASIONALLY SHARE DOMINANCE WITH 
HORSEWEEDS IN SOME FIELDS. Fields that are last 
cultivated in early summer before all of the asters 
have germinated usually have a mixture of horseweeds 
and asters as dominants the following year. The 
asters germinate in early summer, the horseweeds 
in the fall, and both species live together over the 
winter and share dominance the following year. Such 
fields appear to have horseweed as the only dominant 
when it blooms in July and August since it is then 
taller than the numerous asters, but aster appears 
to be dominant in the late fall when its blooms are 
conspicuous and the dead horseweed stalks are less 
noticeable. 

WHY ASTER OCCASIONALLY PERSISTS IN DOMINANCE 
PAST THE SECOND YEAR. Asters usually give way to 
broomsedge in the third year because the seedlings 
and older asters fail in their competition for light 
and water with the broomsedge and other vegetation. 
The reduced light probably affects the seedlings as 
much as the competition for water, but with old 
asters water is a more critical factor than the re- 
duction of light. In fields where there is no shortage 
of soil water because of type of soil, local drainage, 
or amount of precipitation, the old asters grow at 
least as tall as broomsedge and do not die as soon 
as they do in the fields where available water is low. 
In such fields, however, aster seedlings of the second 
or third generations rarely grow to maturity and the 
number and size of broomsedge plants inereases with- 
in several years’ time so that the old asters finally 
die, and the field is dominated by broomsedge. 

THE EFFECT OF EROSION ON THE GENERAL TREND OF 
SUCCESSION. Erosion seems to affect aster dominance 
in second-year fields more than it does any other 
part of the normal sequence of succession. Young 
asters live for a full year as small upright plants less 
than three inches tall. Many nearly dead asters of 
this size were observed in eroded fields, following 
heavy rains, with the soil partially washed away 
from their root systems. Within a year’s time few 
asters would escape one or more rains heavy enough 
to cause severe erosion in a field with some slope and 
no protecting terraces or cover crop. 

Erosion causes some damage to horseweed, also, but 


to a smaller degree than to aster. Horseweed is a 


shorter-lived plant whose rosette form is somewhat 
Horseweed passes through its younger 


soil binding. 
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stages at a time of year when precipitation is usually 
gradual rather than of the sudden storm type so 
common in the summer when asters are in their young 
stages. 

Ragweed is common in eroded fields of both first 
and second years, because it seems to grow best where 
the competition of other plants has been removed in 
some way. Diodia is a small plant less than a foot 
high that often occupies eroded second-year fields. 
There were very few Diodia plants in any of the fields 
in the March counts, but it was present in fields in 
June, especially in eroded second-year fields. Some of 
these plants were present in third-year fields, but 
they rarely grew to be more than a few inches tall. 
This plant does not seem to be able to compete with 
other vegetation, and like ragweed is a short-lived 
summer annual that grows best when other vegeta- 
tion is secant. For this reason it is commonly a domi- 
nant in eroded fields. 


Causes OF SECONDARY SUCCESSION IN GENERAL 


These partial answers to some of the questions 
concerning causes of secondary succession in old 
fields in the Piedmont of North Carolina should help 
in the understanding of causes of secondary succes- 
sion in general. In his discussion of causes of suc- 
cession Clements (1916) says that a plant or com- 
munity reacts upon the environment in such a way 
that it may become less favorable to the organism 
responsible for the change and more favorable for 
other species. He says that a time ultimately comes 
when the reactions are more favorable to the oceu- 
pants than to the invaders and that then the existing 
community becomes more or less permanent. 

This study indicates that another important factor 
may enter into a particular sequence of dominant 
species in secondary succession. The peculiarities of 
the life cycles of these species, especially the time 
of year at which the seeds mature and germinate and 
the relation of the time of seed germination to the 
time at which secondary succession is initiated, often 
gives one species a decided advantage over another 
in becoming the invading dominant (Fig. 6). 
Weaver & Clements (1938) emphasize the importance 
of adaptations which faciliate seed dispersal as a 
major cause in determining which species will first 
become established. This may be’ the reason why 
broomsedge is delayed in assuming dominance, but in 
the case of horseweed and aster, which seem to be 
equally abundant in this area and equally capable of 
migration, the time of seed maturity is the chief 
factor that determines the sequence of dominance. 

One species does not always influence the environ- 
ment in such a way that it is made more favorable 
for the next species in the successional sequence. 
Aster could definitely grow better without the in- 
fluences exerted by horseweed and would probably 
assume dominance a year earlier than it does if horse- 


weed or some other large annual were not present. 





CATHERINE KEEVER 





Ecological Monographs 
Voi. 20, No. 3 







































is —__, 
W 20” 
W 
3 
W 
” 10” 
a 
r¢) 
pt oe — 
a 
W 
F 
0 
q 
— 

Ww 
0 
fa) 
W 
3 
0 
ia a= 2 e | 

J Ss OM J S$ oO wm J Ss OM J = © 

YEAR O YEAR |! YEAR 2 YEAR 3 





Fig. 6. Average size of horseweed, aster, and broom- 
sedge plants in old fields for the first three years follow- 
ing abandonment. Height of column represents height of 
plant and base of column shows diameter at the widest 
point (all measurements in inches). M- March, J- June, 
S- September, D- December. Measurements for horse- 
weed, an annual, are for different plants each year, but 
those for the perennials, aster and broomsedge, indicate 
sizes of the same plants. Young aster and broomsedge 
plants, though not in the graph, are present in second- 
and third-year fields. Because of the relative size, horse- 
weed is the dominant of first-year fields; aster, of second- 
year fields, and broomsedge, of third-year fields. 


There is some evidence that environmental conditions 
are more favorable for broomsedge after other plants 
have been growing in a field for several years so that 
the organic content of the soil increases, but this 
is not the chief reason why broomsedge is delayed 
in assuming dominance. 

However, a species often makes its environment so 
unfavorable to itself that the species fails to survive. 
The influence of horseweed upon horseweed is the 
chief cause of the loss of deminance by the species. 
Aster influences its environment so that the survival 
and growth of seedlings of that species is so limited 
that the species can hold dominance only as long as 
the first generation of individuals can survive. The 
fact that broomsedge seedlings fail to make good 
growth in reduced light suggests that it, too, changes 
its environment so that conditions are unsuitable for 
reproduction. 

Went (1942) suggests that the occurrence of one 
plant may influence the presence of certain other 
plants through some unknown agent, presumably 
chemical, -If this were true it would be possible for 
chemical products of one species to stimulate or in- 
hibit the growth of that plant or of other species and 
thus partially determine the sequence of succession of 
dominants in succession. This may be true in some 
situations, but no evidence was found to indicate that 
produets of living dominants influence the general 
trend of succession in old fields of the Piedmont. 
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SUMMARY 

1. The general trend of plant succession in 
abandoned fields of the Piedmont of North Carolina 
had been established before the beginning of this 
study. Crabgrass (Digitaria sanguinalis (L.) Seop.) 
is usually dominant in fields during the fall follow- 
ing their last cultivation for the season. Horseweed 
(Leptilon canadense L.) is usually dominant in first- 
year fields, but is sometimes replaced by ragweed 
(Ambrosia elatior L.). Aster (Aster pilosus Willd.) 
usually is the dominant of second-year fields, with 
some exceptions where ragweed or Diodia teres Walt. 
replaces aster. Broomsedge (usually Andropogon 
virginicus L.) assumes dominance the third year, and 
maintains this dominance until it is replaced by pines 
a few years later. 

2. The purpose of this study was to contribute to 
the knowledge of causes of succession in general by 
investigating the causes of early old field succession 
in the Piedmont of North Carolina. For this purpose 
certain problems concerning the major dominants of 
the first three years of succession—horseweed, aster, 
needed to be solved. These prob- 
lems involved the reasons why each species assumes 
dominance at a particular time and why each loses 
dominance at a definite later time. Questions con- 
cerning variations from the general trend needed to 
be answered, 

3. Answers to these questions were sought in the 
life eyeles and responses to environmental factors 
of the three dominant species. Life cycles were 
studied by means of experimental tests of seed germi- 
nation, permanent quadrats in fields of different ages, 
surveys of numerous fields and by measurements of 
size of plants growing in different habitats. The 
responses of each species to variations in water and 
light, to substances produced by living plants, and 
to decay products of organic matter in the soil were 
tested in greenhouse experiments. 

4. The studies of life histories and environmental 
factors yielded several pertinent facts for each species 
as follows: 





and broomsedge 


a. Horseweed seeds mature as early as August, 
and germinate with no dormant period in the late 
summer and fall. The plant lives over winter as a 
rosette, grows to maturity, blooms and dies by late 
summer of Horseweed is a 
drought-resistant species whose seedlings grow best 
in reduced light. Young horseweeds are stunted by 
decay products from horseweed roots and cannot com- 
pete satisfactorily with individuals of the same species 
or with other vegetation. 

b. Aster seeds mature in the fall too late to 
germinate because of cool weather. They germinate 
the following spring and the seedlings grow to be 
about two to three inches tall the first year, live over 
winter, and bloom the following fall. The flower 
stalk dies and a basal rosette lives and produces an- 
other flower stalk the following year. Asters make 
their best growth with abundant water and light. 


the following year. 
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Asters grown in the greenhouse with abundant water 
and light bloomed the first season. Aster plants 
were stunted by decay products of horseweed roots, 
horseweed tops, and broomsedge tops, when they 
were grown in the greenhouse in soil containing those 
plant parts. Aster plants appearing after the first 
generation rarely survive and bloom in the field 
under natural conditions. 

c. Broomsedge seeds mature in the late fall and 
will not germinate without a period of cold dormaney. 
A few seedlings appear in old fields the first year of 
abandonment and do not produce seeds until the fall 
of the second year. Broomsedge seedlings are rela- 
tively drought-resistant and grow best in full sun- 
light, showing a definite chlorosis and reduced growth 
in shade. The survival of broomsedge plants of all 
ages in old fields is high and the species is able to 
compete successfully with the less drought-resistant 
asters. Broomsedge shows slightly better growth in 
soil containing organie matter, especially aster roots, 
than it does in soil with little organie matter. 

5. The above generalizations can be used to explain 
to a large extent the causes of early old field sue- 
cession in the Piedmont of North Carolina. 

a. Horseweed usually assumes dominance in first- 
year fields because its seeds are ready to germinate 
when much farm land is being cultivated for the 
last time in a season. The low light intensities of 
fall and winter, and the lack of competition by other 
plants in first-year fields are favorable for the best 
growth of the species. Ragweed, a summer annual, 
may replace horseweed as the dominant of first-year 
fields if the normal crop of horseweed is eliminated 
by late fall plowing or by severe erosion. 

Horseweed loses its dominance after the first year 
because it is stunted in the seedling stage by decay 
products from horseweed roots and also because it 
cannot compete successfully with the large number 
of individuals of the same species and with young 
asters which are abundant in second-year fields. 

b. Asters are delayed in assuming dominance un- 
til the second vear because the seeds do not germinate 
until the spring following maturity and although the 
seedlings do not die, they cannot make much growth 
in competition for light and water with the already 
established horseweeds. When the first crop of horse- 
weed dies, competition is removed and asters make 
sufficient growth in spite of the inhibiting effects of 
decaying horseweed roots to be the dominant species 
of second-year fields. 

Aster sometimes shares dominance with horseweed 
in first-year fields where the last cultivation of the 
season takes place in the early summer before all 
the aster seeds have germinated. 


Aster loses its dominance because the seedlings are 
intolerent of shade and cannot grow to maturity 
under the old asters, broomsedge and other vegeta- 
tion, and because the first generation of asters cannot 
compete with the more drought-resistant broomsedge. 
Asters may hold dominance past the second year if, 
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for some reason, the lack of soil water does not be- 
come critical, but they cannot hold it indefinitely 
because of the failure of seedlings to grow to ma- 
turity. 

e. Broomsedge is delayed in assuming dominance 
until the third year because there is not an adequate 
supply of seeds present to produce a full stand until 
the first few invaders are old enough to produce seeds. 
Environmental conditions are almost as favorable 
in first- and second-year fields as in third-year fields 
for the growth of broomsedge seedlings. 

6. This study suggests that the particular timing 
of the events in the life cycles of the first series of 
invaders and its relation to the season of the year 
at which secondary succession is initiated may in- 
fluence the dominant species more than changes in 
environment. Although the influence of a species on 
its environment often may produce conditions that 
keep the species from surviving, those conditions do 
not always make the environment more favorable for 
the next invader. The second invader may finally 
attain dominance in spite of, and not because of, 
the changes in environment brought about by the 
first dominant. 

There was no evidence from this investigation that 
toxie substances produced by one living plant in- 
fluence other plants in such a way as to change the 
trend of succession. The rate of decay of different 
kinds of organie matter and the influence of that 
rate of decay upon the available minerals in the soil 
does affect the growth of plants and the trend of 
succession. 
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STABILIZATION OF 


INTRODUCTION 
After three years with good precipitation (1941 
to 1943), which followed the eight years of drought 
in the mid-continental grasslands, an extended study 
was made of the nature and degree of recovery of 
(Weaver & Albertson 1944). It 
realized at that time that the mosaie of grassland 


vegetation was 
patterns that erystallized out of a mass of recovering 
vegetation was merely one phase of a long develop- 
mental process (Fig. 1). 
a terrible catastrophe. 


The prairies had suffered 
At this time, largely by the 
tremendous increase of its most drought evading and 
drought resisting perennial true 
prairie had merely succeeded in repopulating most 
of the bared soil. Many changes in the plant popu- 
lations were still to occur. These included the -in- 
crease of former dominants, then of small abundance; 
the suppression of drought dominants under the 


species, mid or 


wetter phase of the climatie cycle; the disappearance 
or reduction to normal numbers of other relicts of 
drought populations; the increase of drought-depleted 
forb populations; and a new development of societies. 





Fig. 1. A well-drained level lowland near Lincoln, 
Nebraska, formerly completely covered with big bluestem 
(Andropogon furcatus). Relatively small amounts of 
this type still remain (foreground). Western wheat 
grass (Agropyron smithii) invaded the drought-bared 
soil and formed a distinct, pure community (right 
center), and the needle grass (Stipa spartea) type 
(light) developed in the background. Photo June 10, 
1943, 


Another necessary adjustment for stabilization was 
the reduction to the normal level in height of the 
individual species which, freed temporarily from 
the community rule of severe competition, grew ab- 
normally and produced an irregular and often patehy 
type of cover. The re-establishment of the understory 
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in the vegetation and the building of a soil muleh 
would also mark the return to predrought climax 
conditions. 

These phenomena and numerous others found in 
the prairie community have now been studied con- 
tinuously over a period of five years. The same ex- 
tensive areas in true prairie of known drought and 
predrought history (Weaver & Fitzpatrick 1934; 
Weaver & Albertson 1936, 1939, 1940, 1943) have 
been re-examined many times annually and _ their 
development traced in detail by methods of quadrat, 
transect, and experiment. The study did not extend 
eastward beyond the Missouri River, for there damage 
had been slight and readjustment rapid. The en- 
vironment for development toward stabilization has 
generally been good and often excellent. The soil 
moisture relations are reflected in the precipitation 
which was 35.4, 32.7, and 33.3 inches during three 
of the four years. In 1946 precipitation was 23.8 
inches, which was somewhat below the mean, 27.2 
inches; but no prolonged drought occurred. In 1948 
precipitation was again high, 30.4 inches. 


UPLAND COMMUNITIES PRECEDING AND 
FOLLOWING THE DROUGHT 


The extensive survey by Weaver & Fitzpatrick 
(1932, 1934) of scores of prairies in the eastern third 
of Nebraska, the western third of Iowa, and in 
adjacent areas in South Dakota, Minnesota, Missouri 
and Kansas, revealed only three prairie types on up- 
lands. In the area surveyed, which was 60,000 square 
miles in extent, the little bluestem (Andropogon 
scoparius)! consociation was not only by far the 
most extensive community or type but it also oceu- 
pied a portion of the area many times as great as 
that dominated by any other species (Fig. 2). In 
fact, it probably exceeded in area all of the other 
upland and lowland types combined. Needle grass 
(Stipa spartea) was the chief dominant of a second 
upland consociation. This bunch grass was of practi- 
cally no importance in the Kansas and Missouri 
section and was of minor importance in the entire 
southeastern portion of the prairie area. But it 
gradually inereased northward where the type be- 
came well developed. It covered extensive areas on 
dry ridges and slopes in the central and northern 
parts, occuring mostly as broad alternes with little 
bluestem. A third very minor type but a distinet 
upland consociation was dominated by prairie drop- 

1 Nomenclature of grasses follows Hitchcock's ‘Manual of the 
Grasses of the U. S.,"" that of other species is according to 


Britton and Brown's “Illustrated Flora,’’ unless other authority 
Is given. 





seed (Sporobolus heterolepis) (Fig. 3). The areas 
over which it held control were much less extensive 
than those of the needle grass type. Various degrees 
of intermingling of this dominant with needle grass 


and little bluestem oceurred, prairie dropseed often 
forming 1 to 20 percent of the cover. This com- 
munity was of such relatively small importance that 
it held the lowest rank among the six major pre- 
drought communities of true prairie. 





Fig. 2. Detail of little bluestem (Andropogon scopari- 
us) community. This species often occurred in nearly 
pure stands. Note the characteristic bunch habit. Lin- 
eoln, July, 1945. 





Fig. 3. Portion of a prairie near Lincoln, Nebraska, 
dominated by a nearly pure stand of prairie dropseed 
(Sporobolus heterolepis). Photo July 10, 1944. 


As regards the fate of little bluestem, Weaver & 
Albertson (1943), in their resurvey of conditions 
in the prairie at the end of the great drought, state: 
“Little bluestem, which was formerly the most abun- 
dant of all the prairie grasses, suffered the greatest 
loss. It is now of only intermediate importance and 
is outranked by six other species. Searcely a trace 
remains in half of the 12 prairies closely studied, 
in others it is rare, and in only portions of two is it 
abundant. Where the original stands were 
thinned, they were usually invaded by needle grass, 
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prairie dropseed, blue grama (Bouteloua gracilis), 
or western wheat grass (Agropyron smithii), or 
partially repopulated by a spreading of big bluestem 
(Andropogon furcatus) . . . which formerly accom- 
panied little bluestem.” 

Small areas of the former little bluestem type 
where loss of little bluestem was not complete have 
changed into the relict big bluestem—little bluestem 
community. Much larger areas are now nearly pure 
stands of big bluestem. Still others have developed 
into a type designated as mixed grasses (Table 1). 


TABLE 1. 


prairie. 


Major communities of upland true 





Before the Great Drought After the Great Drought 
(1933) (1943) 
Op or MopiFiep Types 
{1. Relict big bluestem- 


; ‘ ) little bluestem........ (4)! 
Little bluestem.......... \2. Big bluestem........... (6) 
(3. Mixed grasses.......... (7) 
ae 4. Needle grass...........(3) 
Prairie dropseed.......... 5. Prairie dropseed........ (8) 
NEWLY DEVELOPED TyPEs 

6. Western wheat grass... . (2) 

7. Blue grama............ (5) 

8. Mixed prairie...........(1) 





' Numbers in parentheses indicate the sequence in order of area covered by the 
several communities, mixed prairie being the largest. 


In addition, three distinctly new plant communities 
have developed over large portions of the drought- 
swept little bluestem consociation. This story is 
given in detail by Weaver & Albertson (1944). A 
brief resume of the origin of each of the eight present- 
day communities in upland prairie will be given so 
that the degree of stabilization in these during the 
several good years following their establishment may 
be better comprehended. 

1. A relict big bluestem—little bluestem type re- 
sulted from the modification of a part of the pre- 
drought little bluestem consociation, but it covered 
relatively small areas and ranked fourth in size among 
the present-day (1943) upland communities (Table 
1). Usually much little bluestem had died and its 
place was taken by big bluestem. Some, however, 
survived as dormant crowns. 

2. The big bluestem type on upland resulted from 
the survival of Andropogon furcatus wherever the 
former little bluestem consociation had lost its chief 
component, A. scoparius. After heavy initial losses, 
big bluestem survived the drought in the bunch form, 
but later, unless overwhelmed by western wheat grass, 
spread to form a sod. Its stands on lowland were 
often greatly thinned, but it usually replaced its 
losses and re-established the tall-grass type. 

3. Mixed grasses formed a community of variable 
composition over considerable areas formerly clothed 
with the little bluestem type where widely scattered 
plants of different species recovered, reseeded, or in- 
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vaded at about the same time. Here also big bluestem 
spread widely or renewed growth from dormant 
rhizomes and formed mixtures with the various other 
These species have merely completed the 
occupation of bared soil where no other type had 
The community is not climax. 


grasses. 


gained control. 
4, The stands of needle grass were greatly thinned 
at the inception of drought. But this species in 
addition to holding all of its original territory, has 
spread widely. It has not only claimed much land 
formerly held by the little bluestem type, but has also 
repopulated much low ground where big bluestem 
formerly flourished. For here it found, during the 
drought years, a dry warm soil, similar to its usual 
predrought home on the uplands. 
5. The stands of prairie dropseed were thinned 
following the first impact of drought 
greatly than those of needle grass. 


even more 
But this species 
Seedlings became 
established over many acres adjacent to old stands 
Thus the area 
occupied by this type was increased enormously. 


recovered without loss of territory. 
and developed into new bunches. 


6. Western wheat grass spread by seed and ap- 
peared over a wide territory immediately following 
1934; invasion was well advanced by 1938. It was 
favored by moist springs and dry summers, but often 
utilized all available moisture and thus caused dwarf- 
ing or death of most other vegetation. Relict blue- 
stems were usually replaced by pure stands of western 
wheat grass. 

7. Blue grama often survived where all other grasses 
died. It spread almost without interruption from 
1935 to 1942, and promptly thickened its stands (Fig. 
4). Buffalo grass (Buchloe dactyloides), less abun- 
dant and more greatly harmed by drought than blue 
grama, increased rapidly. 


8. A mixed prairie type was formed by the re- 
placement of bluestems by western wheat grass and 


Fig. 4. Invasion of blue grama (Bouteloua gracilis) 
(light) and western wheat grass (dark) on a hillside 
formerly occupied by the little bluestem type. Hebron, 
Nebraska. 
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short grasses and the later intermingling of this mid 
grass and the short grasses. This began in 1938 and 
was completed in 1941. Invasion had ceased, since 
the remaining area was occupied by other vegetation, 
but not the intermixing of short grasses and western 
wheat grass. 


PERSISTENCE AND EFFECT 
OF WESTERN WHEAT GRASS 


Impressive phenomena in the years following the 
drought have been the persistence of western wheat 
grass” and the continuation of its marked effect in 
modifying the water relations of the soil. For despite 
the fact that it has been largely replaced by big 
bluestem in parts of a few prairies, in the main 
wheat grass has persisted. Pure stands are not so 
abundant as formerly since reciprocal invasions of 
wheat grass into former areas of short grasses, mostly 
blue grama, or of short grasses into wheat grass 
has greatly reduced the area of both these formerly 
nearly pure types. In many prairies the pure type 
of either occurs, if at all, only very locally. How- 
ever, this intermixing resulted not in the re-establish- 
ment of true prairie but of mixed prairie instead 
(Table 1). 

Repeated examination of entire prairies, alternes, 
and numerous large patches completely invaded by 
wheat grass has shown that this grass has not ex- 
tended its area since the bared land was claimed by 
other perennial dominants. Neither has it surrend- 
ered its dominance over the areas invaded (with cer- 
tain exceptions, to big bluestem), although in many 
places it has shared dominance with blue grama and 
buffalo grass. A photograph of a rolling upland 
prairie near Lincoln, Nebraska, at the end of the 
drought, shows the invasion of wheat grass in seven 
different places. These appear as dark, very clearly 
defined patches of vegetation. In the spring of 1947 
they were quite as distinct as seven years earlier (Fig. 
5). Field studies and comparisons of photographs 
of various other prairies invaded by wheat grass with 
conditions in 1946 and 1947 show similar stability 
(Robertson 1939, Weaver 1944). In the prairie at 
Hebron, Nebraska, two extensive alternes developed 
early in the drought, where dust covered large por- 
tions of the grassland one-fourth inch to an inch 
in depth. The largest of these has been examined 
every year since the development of the stand of 
wheat grass. In 1947 the area stood out as dis- 
tinetly as before, the chief change from the original 
condition being the development of a short-grass 
layer beneath. Only a very small part remains un- 
invaded by short grasses. The thick stand of wheat 
grass is in excellent condition. Big bluestem has 
advanced irregularly a few feet to a few yards in 
places along the lowland border, There are few mid 
grasses present except scattered bunches of purple 
lovegrass (Eragrostis spectabilis) and small amounts 


2 Hereafter, 
wheat grass. 


for brevity, this species will be designated as 
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Fig. 5. Portion of a rolling prairie near Lincoln, Ne- 
braska, invaded by western wheat grass in seven dis- 
tinct places during the great drought. These are the 
dark patches of vegetation, except the long one in the 
ravine (foreground) which is Kentucky bluegrass (Poa 
pratensis), an invader on soil washed in from an ad- 
jacent field. In this prairie, mowed in autumn, the wheat 
grass is 5 inches tall; the bluestems have not yet re- 
newed growth. Photo May 2, 1940. Bluegrass invaded 
this bluestem prairie and greening at the same time as 
the wheat grass prevented later sharp differentiation in 
colors. 


of tall dropseed (Sporobolus asper). A thin, almost 
continuous layer of hairy chess (Bromus commutatus) 
occurs and keeps the soil fairly well mulched. 


DEVELOPMENT OF UNDERSTORY 
In the stands that still remain pure or nearly pure 
wheat grass, the black soil is still only a third to a 
half covered with plant debris. In places, the drought 
understory of Jonoxalis violacea, Hedeoma hispida, 
Lepidium densiflorum, ete., prevails. But usually 





Fig. 6. A dense stand of hairy chess (Bromus com- 
mutatus) from a small drought-bared area in climax 
bluestem prairie in July, 1942. This grass has now 
almost disappeared except in communities of wheat 
grass and needle grass where it often forms an under- 
story and later covers the soil with a mulch. In areas of 
blue grama it is almost always still present as an over- 
story. 
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only seattered individuals of these species are found. 
More often there is an understory, and on good years 
a very dense one, of hairy chess. This species be- 
came abundant throughout the prairies late in the 
drought. With the return of good rains it almost 
entirely replaced other weedy brome grasses as 
Bromus tectorum and B. japonicus as well as Festuca 
octoflora and Hordeum pusillum. It usually grows 
10 to 12 inches tall. During its development in early 
spring and summer, this annual, which often begins 
growth in the autumn, produces much forage. This 
dries by midsummer and, lodging in place, forms a 
good soil mulch (Fig. 6). 

Sometimes three distinct layers of vegetation oceur 
where wheat grass is intermixed with short grasses: 
the short grass has an average height of approxi- 
mately 6 to 8 inches, hairy chess is 12-14 inches tall, 
and the wheat grass in head is about 24 to 30 inches 
high. 


CHIEF INVADERS 

Aside from blue grama (which ranks first) and 
to a much lesser extent buffalo grass, the chief native 
invaders of wheat grass are, in approximate order of 
abundanee, side-oats grama (Bouteloua curtipendula) 
and June grass (Koeleria cristata). Tall dropseed, 
needle grass, and prairie dropseed invade much less 
frequently; even bluegrass (Poa pratensis) invades 
to a certain degree especially along the eastern and 
more mesic edge of the range of wheat grass. During 
the several years of drought the increase and de- 
crease of side-oats grama was periodic. In certain 
areas and on certain years it was as abundant as the 
wheat grass. It is believed its present abundance in 
certain areas of wheat grass is of a similar nature. 
June grass is of relatively short duration depending 
more on rapid reseeding than length of life for its 
place in the grassland. Needle grass and prairie 
dropseed are far more permanent, but their increase 
in oceupied soil is slow. 


COMPETITION IN DROUGHT 

A good development of wheat grass, as pointed 
out elsewhere (Weaver 1943), is dependent upon 
available soil moisture in spring and early summer. 
Since there was usually little reserve water in the 
soil during the years of drought, wheat grass in its 
early and rapid growth often exhausted all or nearly 
all of the available supply of water before warm- 
season prairie grasses and forbs had made much 
growth. This resulted in the successful competition 
of wheat grass and in the dwarfing and finally the 
death of most other species. This dwarfing effect 
was often pronounced even among the most deeply 
rooted forbs, plants regularly being reduced to one- 
half or less of their normal size (Weaver 1942). 
There was very little competition for light, since 
even under a good stand of wheat grass about 80 
percent of full sunshine reached the soil surface. 
Few seedlings of any kind were ever found in 
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established wheat grass. Any ruderals in an invaded 
area were soon suppressed and died. Exceptions were 
Hordeum pusillum and weedy species of Bromus. 
Festuca octoflora and Erigeron ramosus are likewise 
annuals with periods of growth similar to those of 
Any others, as Hedeoma hispida, were 
Growth 
habits of all these species permit them to share the 
late fall and early spring moisture with the wheat 
grass. 

Experimental data have been presented in previous 
publications which show that the presence of wheat 
grass profoundly modified the water relations of the 
soil. During the drought years the penetration of 
rainfall was greatly reduced, the rate of infiltration 
of water was much lower than that in the same soil 
clothed with other prairie grasses, the soil was con- 
sistently several percent drier, and the resulting 
effects on other vegetation were marked. That these 
conditions persisted during several years of approxi- 
mately normal or above normal precipitation follow- 
ing the drought will now be shown. 


wheat grass. 
incidental and of very minor significance. 


RELATIVE PENETRATION OF WATER 

Comparative effects of wheat grass and other 
prairie grasses upon the infiltration of rain were 
studied over a wide range of territory. Data from 
an upland prairie near Lincoln in May, 1946, illus- 
trate the usual results. Two days after a rainfall 
of 1.5 inches, blocks of sod about 8 inches square were 
removed from areas dominated by wheat grass, big 
bluestem, and needle grass, respectively. Any pair 
of sods of any two grasses were taken not more 
than 2 to 4 paces apart, one in a wheat grass area 
and the other just outside. The 4 sides of the excava- 
tions occupied by the sods were smoothed and deep- 
ened until dry, gray soil showed clearly in contact 
with the moist soil above of distinetly darker color. 
Then the depth of penetration of the rain was meas- 
ured on all four sides. The shallowest and deepest 
penetration only are recorded for each sampling in 
Table 2. 


TABLE 2, Relative penetration of water in inches 
under big bluestem, needle grass, and wheat grass 
on May 25, 1946. 





Big bluestem Wheat grass 


Needle grass Wheat grass 
8.8to 9.5 4.5t05.0 
8.5to10.0 6.5 to 8.0 
8.7to 9.6 5.3to6.1 


10.5 to 12.5 
11.0 to 14.0 
10.5 to 13.7 


7.0 to 9.0 
6.0 to 9.0 
4.0 to 4.5 


The average depth of penetration of water under 
big bluestem was 12 inches, that under 
was only 6.6. 


wheat grass 
Average depth of penetration under 
needle grass was 9.2 inches but in the adjacent soil 
under wheat inches. 


grass it was 5.9 Obviously 


wheat grass was producing an effect upon the soil 
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which permitted less penetration of rain than oe- 
curred under the other grasses. 

These results are in agreement with those of 
Weaver & Albertson (1943). They report that in 
August, 1941, after 1.1 inches of rain, water pene- 
trated 6.8 inches under native grasses but only 4.0 
inches under wheat These are averages of 
16 measurements. 


grass. 


RATE OF INFILTRATION 

Rate of infiltration of water applied artificially 
by sprinkling was always found to be less rapid 
under wheat grass than under various other prairie 
In one experiment on July 15, 1946, on a 
level hilltop with silt loam soil, four square feet of 
surface soil, completely isolated from surrounding 
soil, absorbed 10 gallons of water in 31 minutes when 
water was sprinkled upon it so that it stood con- 
tinuously on the surface. A similar area of big 
bluestem sod, a few paces distant, absorbed 14 gal- 
lons during the same interval. After an hour, a 
trench dug diagonally through the center of the wheat 
grass area revealed a maximum penetration of water 
of 20 inches but an average depth of penetration 
of only 16 inches. Under the bluestem, maximum 
penetration was 30 inches and average depth 25 
inches. Big bluestem had an excellent, dead, surface 
mulch and the soil before watering was much more 
moist than under wheat grass. In the wheat grass, 
the 80 percent of the surface of the soil area unoccu- 
pied by the bases of this grass was bare. This lack 
of mulch is a very general phenomenon; loeal patches 
of black, unprotected and puddled soil are a com- 
mon sight in spring in mowed prairies. Experiments 
have shown that where a good mulch does oceur, rate 
of infiltration is two to three times as great. But 
even where there is a mulch the entry of water into 
the soil is often only half as rapid as under big 
bluestem, where the soil is wet usually nearly twice 
as deep. In one experiment soil under big bluestem 
absorbed 7.3 surface inches of water in 1.5 hours, 
but wheat grass slightly less than 3 inches. 


grasses. 


RELATIVE AMOUNTS OF Som. MOISTURE 

Further inquiry into the comparative effects of 
wheat grass and other prairie grasses on the amount 
of soil moisture involved soil sampling. In_ the 
spring of 1946, samplings were made in three east- 
ern Nebraska prairies by using a Brigg’s geotome. 
Water content of soil was calculated as a percentage 
of the oven-dry weight of the soil. Data in Table 
3 show the differences between pairs of samples as 
regards amount of soil moisture in alternes of wheat 
grass and in portions of the true prairie a few feet 
distant where wheat grass had not invaded, The soil 
appeared uniform in both sampling areas. The chief 
difference was that of moisture content. 

In Table 3 it may be seen that soil under other 
prairie grasses contained a higher percentage of 
moisture than did soil under wheat grass. The differ- 


ence ranged between 0.9 and 13.1 percent and there 
was a greater amount of moisture in each of the 36 





TABLE 3. Excess percentage of soil moisture in 
prairie over that in alternes of wheat grass. 














Sam-/|0-0.5 |0.5-1| 1-2 | 2-3 | 3-4 
Location | Date | ple ft. ft. fH. ft. | i. 
Lincoln | April6 | 1 | 5.4|3.6| 1.7 | 8.1 
| 2 | 2.0 | 2.1 | 0.9 | 8.9 
3 | 8.4 | 4.4 | 3.2 | 7.7 
4 |} 2.2) 1.1] 1.9 | 4.5 
| 
Pleasant Dale | April17) 1 | 5.2 | 6.3 | 8.1 |12.2 |13.1 
| 2 | 4.7 | 7.0 | 2.4 | 8.7 | 8.9 
Carleton | May 19} 1 | 6.1 | 5.2 | 4.2 | 4.2 | 6.0 
| | 2 | 9.4] 6.8 | 3.3 | 5.1 | 4.6 
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samples from prairie. These results are similar to 
those obtained by Weaver (1942), who reported that 
in 1938, “There was always a higher water content, 
often 3 to 8 percent higher, in the bluestem prairie 
than in wheat grass.” And for 1941 he stated, “The 
samples again showed consistently a higher water con- 
tent in prairie.” 

These differences in rate of infiltration of water 
and the depth to which water penetrates may be 
readily explained. Wheat grass lacks the dense mass 
of foliage characteristic of bluestems and most other 
prairie grasses. Hence, it permits the beating rains 
to destroy the soft, crumb-like soil aggregates at the 
surface; fine soil particles become suspended in the 
water. These are carried into the soil with the water 
where they more or less completely clog the soil pores 
in the surface layer. This phenomenon has been 
described by Lowdermilk (1930) and Duley (1939). 
Consequently, the soil absorbs less of the precipita- 
tion, runoff is promoted, and erosion is accelerated. 
As a result, conditions of drought are more or less 
continuously maintained in wheat grass sod. 

Before the drought, wheat grass was confined large- 
ly to certain clay soils and soils with eclaypans. It 
now covers many such areas and has spread widely 
into various soil types. Its root distribution was 
studied to obtain further information on this prob- 
lem (Weaver & Darland 1949). Its roots are usually 
deeper and the species better adapted to drier soils 
than most other plants of true prairie. Under heavy 
grazing it gives way to bluegrass eastward and to 
blue grama and buffalo grass in drier areas west- 
ward. Replacement of wheat grass by more mesic 
species will probably oceur very slowly and only 
over a long period of time. It may persist indefinitely 
where claypans are present. 


EFFECTS ON VEGETATION 


The result of competition of wheat grass with other 
species for water is shown not only by their wilting 
and dwarfing but also by their death. In other 
words, many kinds of plants were unable to survive 
in areas dominated by wheat grass and those that 
persisted were suppressed in their growth. Decrease 
in both numbers and species of forbs is to be expected 
in alternes of wheat grass. 
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SEVERITY OF COMPETITION IN DROUGHT 


Wheat grass is dependent upon moisture in spring 
and early summer. During years of drought it often 
exhausted, by its early and rapid growth, all of the 
available supply of soil moisture before the warm- 
season prairie grasses and forbs had made much 
growth. During drought, relict forbs were almost 
entirely those with deeply penetrating root systems— 
characteristically leadplant (Amorpha_ canescens), 
blazing star (Liatris punctata Hook.), prairie rose 
(Rosa pratincola), and false prairie boneset (Kuhnia 
glutinosa). These were dwarfed immediately after 
the wheat grass invasion. With a gradual depletion 
of subsoil moisture, which was not replaced by eur- 
rent rainfall, they became fewer and fewer and 
mostly disappeared. This occurred even on low 
ground. 

Relict little bluestem was easily replaced by wheat 
grass and during all of the years with severe sum- 
mer drought any relict big bluestem was dwarfed and 
usually dried by midsummer. Despite the occasional 
less severe years, as 1935 and 1938, big bluestem and 
practically all other grasses finally died, except in 
areas where wheat grass had not invaded. Hence, in 
spring the pure stands of wheat grass presented a 
clean, dark green, monotonous landseape. 


PERSISTENCE OF EFFECTS AFTER DROUGHT 


Six years after the drought most prairie forbs had 
inereased greatly in number and size, many exceed- 
ing predrought conditions in both of these respeets. 
But in the wheat grass, forbs were few or often al- 
most absent. They had only a few stems per plant, 
and these were much reduced in size, For example, 
Amorpha canescens and Psoralea floribunda were 
often 2 to 4 times as tall and proportionately larger 
in prairie than in wheat grass. A few seedlings were 
found in certain years but very few compared with 
the numbers in adjacent grassland. Moreover they 
were dwarfed and their success in attaining maturity 
seemed doubtful. 

Dwarfing of the forbs which still persisted in 1946 
and also the difficulty of establishment of seedlings 
of either perennial forbs or grasses were due to the 
great amounts of water absorbed and transpired by 
wheat grass. The production of a new crop of 
shoots in autumn and the growth in early spring 
while most other vegetation is still dormant greatly 
depletes the soil of its moisture. Losses by transpi- 
ration and evaporation from the surface soil from 
late March until May 20 have been shown experi- 
mentally to be more than twice as great (23.4 pounds 
per square foot of wheat grass sod) as that from 
similar areas of the warm-season grass, little blue- 
stem. 


EFFECTS ON FORBS AND SEEDLINGS 


Studies on the kinds and numbers of forbs found 
in large patehes of wheat grass on upland prairie 
were made in August, 1946. Five pairs of large 
circular areas each with a diameter of 30 feet were 
examined. These pairs of samples consisted of one 
area in wheat grass and one only a few feet distant 
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in big bluestem or bluestem intermixed with other 
perennial grasses. Each circle was laid off into small 
sectors and all species of forbs were listed. The 
numbers and the average height of individuals of 
species in both areas were ascertained. Twenty spe- 
cies of perennial forbs were found in the prairie plots 
but only 7 in those of wheat grass. Total numbers 
of stems were 4,029 and 403, respectively. Thus, 
in wheat grass there were only 35 percent as many 
species and 10 percent as many blue- 
stem prairie. Average heights of representative spe- 
cies were: Aster multiflorus (5 and 11 inches), 
Amorpha canescens (6 and 12), Psoralea floribunda 
(12 and 17), Solidago glaberrima (5 and 12), and 
Achillea occidentalis Raf. (4 and 11 inches) in wheat 
grass and bluestem prairie, respectively. These differ- 
ences are properly attributed to the unfavorable re- 
actions that wheat grass exerts upon soil structure 
and water content of soil. 


stems as in 


COMPETITION WITH BIG BLUESTEM 

The development of big bluestem in 1938 and 
thereafter to form the big bluestem type on uplands 
has been recorded (Weaver & Albertson 1944), With 
the coming of a series of good years (1941-43) the 
thin stand of drought survivors of this species some- 
times increased from 10 percent to form a cover that 
became 80 to 95 percent as dense as that on low 
ground before the drought (Fig. 7). Thus, after 
1942, many prairies when viewed at a distance in late 
summer or autumn showed great belts and patches, 
reddish brown in color, on hilltops and slopes where 
the flower stalks of big bluestem with their forked 
inflorescences grew thickly. Quite in contrast to this 
outcome were the hundreds of places where the open 
stands of big bluestem, following the death of little 
bluestem, were early invaded by wheat grass. Then 


the bluestem was nearly always dwarfed, later sup- 
pressed, and ultimately exterminated in its former 
home, mostly on uplands, but sometimes on lowland 
as well (Fig. 8). 

The breaking of a long period of dormancy in 
crowns and rhizomes of grasses was observed in some 





Fig. 7. Dense stand of big bluestem on upland. It 
developed from a 10 percent mixture with little blue- 
stem upon the death of this dominant in 1934. Crete, 
Nebraska. June 19, 1943. 
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Fig. 8. One of hundreds of ‘‘islands’’ of big blue- 


stem entirely surrounded by a dense stand of wheat 
grass, on August 21, 1944, an exceptionally wet year. 
During ordinary years competition of the wheat grass 
prevents flower-stalk development and the foliage is 
dwarfed. Nearly all such patches have now disappeared 
as a result of the wheat grass invasion. 


prairies after a single year of good rainfall and in 
nearly all, including areas of wheat grass, in 1942-43. 
In a prairie near Lincoln where this phenomenon 
was observed on a north hillside which had been 
invaded by wheat grass, three circular areas, each 
with a radius of 20 feet, were permanently marked. 
The number of places in which big bluestem occurred 
was ascertained as well as the total number of stems 
in each area. This was repeated on July 20, the fol- 
lowing year, 1944. The number of places where big 
bluestem had grown from old plants increased 145 
percent and the total number of stems (originally 
243 to 1,453 per plot) increased 67 to 158 percent. 
Light was not a factor in retarding growth of big 
bluestem. Under normal stands of wheat grass with 
spikes it ranged from 12 to 38 percent of full sun- 
shine. Under a good stand of big bluestem the light 
was decreased to 3-4 percent of full sunshine. The 
next year further gains were made by big bluestem; 
but during midsummer drought the plants sometimes 
wilted. 

At Montrose, Kansas, where burial by dust and 
severe drought had enabled an almost continuous 
sod of wheat grass to develop, recovery of big blue- 
stem was remarkable (Fig. 9). The long struggle 
between the declining big bluestem and the persist- 
ently increasing wheat grass sod from 1932 to 1941 
has been recorded (Weaver 1943). One broad alterne 
many rods in length gradually decreased in width 
until in 1942 the bluestem had apparently all sue- 
cumbed. But by 1944 the various stages were re- 
vealed by which big bluestem pushed up _ shoots 
through the wheat grass sod and finally by develop- 
ment of rhizomes recovered large areas which were 
onee, at least above ground, pure wheat grass. These 
rhizomes from large persistent bunches or clumps of 
big bluestem spread outward to include circular areas 
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3 to 4 feet in diameter. The bunches and areas 
coalesced and surrounded the remaining patches of 
wheat grass. In the first stage of recovery big blue- 
stem was thinly to thickly seattered in the wheat 
grass sod. <A second stage showed the wheat grass 
intermixed with bluestem, where it could be observed 
without moving the foliage. But in a third stage 
wheat grass was found, if at all, only by close exami- 
nation and as greatly attenuated individual plants. 
Often half of large areas had thus been reclaimed 
by big bluestem. The broad alterne was rapidly re- 
turning to big bluestem. The outcome in this very 
dynamic prairie area where the soil is filled with 
rhizomes of both wheat grass and big bluestem will 
depend upon the climatie cycles (Fig. 10). Potenti- 
ally there are two possible crops, the wheat grass 
and big bluestem. True prairie with its mixture of 
mesie grasses and abundance of forbs has ceased to 
exist here. 

Where wheat grass and big bluestem invaded simul- 
taneously, much of the area has gone over entirely 





Fig. 9. Development of big bluestem from dormant 
crowns in wheat grass sod. Montrose, Kansas, 1944. 





Fic. 10. Return of big bluestem from dormant crowns 
(dark belt) in a portion of the prairie at Montrose, 
Kansas, which had been completely invaded by wheat 
grass in 1941 after several years of drought. June 17, 
1947, 
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to big bluestem. Conversely, where big bluestem re- 
covered in an area dominated by wheat grass it often 
appeared in spring that the bluestem might be gain- 
ing ground. But later it was nearly always retarded 
in its development, if indeed it did not dry as a 
result of drought, which was always most severe in 
wheat grass. Sometimes local showers greatly aided 
the bluestem. Thus, with remarkable exceptions 
already noted, any progress in its replacement of 
wheat grass over a general upland area has _ been 
slight. 

Where wheat grass invaded lowlands as in bottoms 
of ravines and temporarily replaced the taller grasses, 
such as big bluestem and tall panic grass and some- 
times also slough grass, usually the dormant tall 
grasses have reclaimed the area. This has been ob- 
served in many places, including level bottomlands. 
But the recovery does not indicate that the rhizomes 
of wheat grass have died or decayed. With drought, 
wheat grass vegetation may once more appear. It 
sometimes remains in pure stands on the steep upper 
banks along ravines where much precipitation is lost 
by runoff. 


NEEDLE GRASS CONSOCIATION 


The remarkable manner in which needle grass 
spread during drought into semibared areas regard- 
less of slope and even onto low ground formerly 
covered by big bluestem has been reported (Weaver 
& Albertson 1944). This spread was so great that 
this type was surpassed in area only by those of 
wheat grass and mixed prairie (Table 1). The stands 
of needle grass, which were often 80 to 90 percent 
pure, had thickened and the plants matured until 
they had the appearance of climax vegetation (Fig. 
11). Sinee 1943 there has been little or no extension 
of the communities of needle grass. Neither have 
the Stipa-covered areas decreased perceptibly as a 
result of invasion. The chief changes have been 
a further thickening of the stands both by an in- 





Fie. 11. A south-facing hillside at Crete, Nebraska, 
almost denuded of little bluestem and then invaded 
from the hillerest by needle grass which, on June 19, 
1944, formed almost a pure stand 18 inches tall but did 
not flower. 
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erease in the basal area of the established bunches 
and by an enormous increase in the number of seed- 
lings and small clumps of all ages. Sometimes the 
bunches are so small and numerous as to present a 
tufted sod rather than a bunchy appearance. Ex- 
tremely large seed crops have been produced and 10 
to 20 seedlings per square foot have often been 
found. 

When mowed annually, needle grass alone does not 
form a good soil mulch. In certain years much bare 
soil is visible in early spring. Often the cover formed 
by weedy bromes is absent because of drought, but 
where Bromus commutatus is present, it forms an 
efficient soil cover. Elsewhere, June grass, side- 
oats grama and even bluegrass occur. Most deeply 
rooted perennial forbs had succumbed to the drought 
and they now occur only sparingly because of the 
crowded population of needle grass which, like wheat 
grass, grows vigorously in late fall and renews growth 
early in spring. Indeed, a natural thinning of the 
grass )opulation as the older and better established 
plants rob their offspring of water must occur in 
forming the usual widely spaced bunches character- 
istic of predrought stands. The present communities 
are also unlike those of predrought times in the 
absence or small numbers of intermixed prairie 
grasses, the lack of an understory, and the absence of 
a continuous even if a thin mulch. 


PRAIRIE DROPSEED CONSOCIATION 


Prairie dropseed spread down the slopes from the 
drier upland sites which it shared with needle grass 
often to the edge of ravines. The myriads of seed- 
lings established during the least severe years of the 
drought rapidly grew into tufts and then into large 
bunches. Once a good stand was attained, other 
grasses and forbs had difficulty in becoming estab- 
lished. 

This spreading into new territory continued in 
some prairies until 1946. Thus, prairie dropseed 
even in some extensive prairies easily became the 
most abundant species. Where it grew in pure 
stands, the lodged leaves usually formed a more or 
less complete ground cover. They remain attached to 
the stems. The three-foot flower stalks occurred 
thickly and over wide areas. In the normal develop- 
ment of the crown the bunch is elevated an inch or 
more above the soil surface. Erosion had often oc- 
curred about long-established but widely spaced 
plants so that the crowns were three inches above 
the soil. In many drought-born alternes with sharp 
ecotones into old, long established prairie, the radial 
span of the foliage flattened by winter’s ice and snow 
was over two feet. In many places the new stand 
was invaded even in the bunches following the gen- 
eral recovery by big bluestem. This tall grass over- 
topped the dropseed and hindered its growth by 
shading. The roots of big bluestem also penetrated 
more deeply for water. Thus, some areas of prairie 
dropseed may be replaced by big bluestem. 
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INDICATORS OF DELAY IN RECOVERY 


As one surveyed the prairie three to five years after 
the drought, marked changes in the community re- 
lationships were apparent. But certain other phe- 
nomena resulting from the years of drought were also 
impressive. Among these were the persistence in 
places of certain species in the marked overabundance 
they had attained when the soil was bared. Another 
feature was the presence of certain invading species 
which had apparently become rather permanent con- 
stituents of the prairie. But most pronounced of all 
was the great upsurge of vegetative development of 
practically all prairie plants during and following 
the wet year, 1944. 

During drought certain native forbs profited by 
the death of their competitors and inereased very 
greatly (Weaver & Albertson 1939). Chief among 
these were Aster multiflorus, Erigeron ramosus, 
Solidago glaberrima and Specularia pefoliata. A re- 
markable increase of other species, formerly of little 
importance, but with some type of underground 
storage, occurred. These included Jonozalis violacea, 
Allium mutabile, Anemone caroliniana, Tradescantia 
bracteata, and later Gentiana puberula. Hedeoma 
hispida and Plantago purshii also became very abun- 
dant. The last two annuals disappeared early with 
the introduced weeds. But in many places, the thick 
though dwarfed stands of Aster or Solidago, the 
snow-white masses of Erigeron, Gentiana scattered 
abundantly, and, most persistent of all, the great 
abundance of Tonoxalis in the understory, continu- 
ously reminded one that these were remnants of the 
drought flora which had now been reduced to their 
usual predrought abundance except in those places 
where the grass dominants were still few and widely 
spaced. 

In various wheat grass prairies certain subsere 
species common during drought still prevailed locally 
in the understory. Among these were Plantago 
purshti, Specularia perfoliata, TIonozxalis violacea 
(often in very great abundance), Hedeoma hispida, 
and Lepidium densiflorum. 

Sand dropseed, a dominant of mixed prairie, had 
invaded drought-bared pastures in the true prairie 
region in a remarkable manner in 1935 to 1940 
(Weaver & Hansen 1941). It also became common 
but not generally distributed in several of the 
prairies. It invaded only where the soil was bare. 
Although rapidly waning by 1946 where the cover 
became dense, it still persisted in late subsere stages 
and sometimes it was quite abundant in wheat grass 
and perhaps less so in blue grama. In a series of 
quadrats in thinned native pasture, the number of 
stems per square meter decreased only from 6,127 to 
2,882 or 53 percent by 1943. But with the rapid 
return of the bluestems their number again decreased 
by 53 percent by 1946. Dense shade and thick mulch, 
whether produced by bluestems or bluegrass, reduced 
the number of stems of sand dropseed, the degree of 
tillering, and amount of seed production. Re-estab- 


lishment by seedlings was difficult and upon the early 





death of the old plants the species locally disap- 
peared. But in certain wheat grass prairies, espe- 
cially, sand dropseed still prevails. 

Side-oats grama will long be remembered as one 
of the grasses which played a spectacular role during 
certain years of drought. In a few prairies, belts 
of this grass in almost pure stands covered the steep 
shoulders of wind-swept slopes as late as 1945. Iso- 
lated large bunches were common. These belts and 
very large bunches exhibited in a small way the de- 
velopment of this species over vast areas of prairie 
during certain years of the great drought. Its 
persistence in abundance is a constant reminder of 
the lack of stabilization. In predrought prairies it 
nearly always occurred as small, isolated, rather open 
tufts, scattered among other species (Weaver & Fitz- 
patrick 1932). 

The lingering presence of hairy chess in many 
prairies is distinctly a postdrought phenomenon. 
Dense patches of Panicum scribnerianum developed 
during drought still oceur, especially in places where 
drought damage was severe. Conversely, Carex 
pennsylvanica of widespread abundance during 
drought, although still found in unusual amounts, is 
gradually being suppressed to its former place in the 
understory. But many species of sedges have become 
far more abundant than formerly both on upland and 
lowland. 

Eragrostis spectabilis, formerly an interstitial spe- 
cies of infrequent occurrence, became extremely abun- 
dant in the years immediately following drought. It 
still persists in numerous patches in both prairie and 
pasture and is many times more abundant than 
formerly. It is manifesting considerable stability. 

Muhlenbergia cuspidata, a drought resistant species 
of mixed prairie, entered most of the disturbed 
prairies and spread to new locations year by year. 
It now oceurs in small patches in most prairie tracts 
and even as well developed alternes on many eroding 
upper slopes. It seems to compete well with the 
bluestems and other prairie dominants and tenaciously 
retains its stand. 

Certain new forbs have been added to the flora, at 
least in the sense that species heretofore sparse or 
rarely seen have become common to abundant. 
Geoprumnon plattense is an example of a legume that 
had spread over much of the drought area. 


ROLE OF BIG BLUESTEM 


After the long drought the dormant sods of big 
bluestem resumed growth as single or few-stalked 
plants. This grass began recovery in 1941 (Fig. 
12). Among all the grasses that flourished so re- 
markably in 1944, the growth of this species was 
most impressive. That year witnessed the best de- 
velopment of vegetation in a decade. Moreover, by 
this time the driest slopes were well covered with 
grasses. By mid-August plants of the uplands and 
even on the hilltops had produced a great abundance 
of flower stalks 5 to 5.5 feet high. These were tipped 
with the forked inflorescences. Patches and strips 
of openly spaced bunches spread for many rvds 
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over the ridges and upper slopes. Others, extended 
down the slopes and merged with the areas of big 
bluestem at their bases. The stand almost everywhere 
was open because of rapid, widespread propagation 
by rhizomes. In the few places where it was pure 
and dense, flower stalks were shorter. Because of its 
greater stature, its deep shade overshadowed most 
other grasses. When fully developed in August, the 


foliage was 2 to 2.5 feet high on the uplands. 





Fig. 12. Relict big bluestem that has developed from 
long-dormant rhizomes. Crete, Nebraska, July, 1943. 


A similar upsurge did not oceur in undisturbed 
patches of bluestem prairie. Here the grasses, despite 
the increased rainfall, were not so rank, They had 
far fewer flower stalks and these were conspicuously 
more slender and shorter even in comparable or better 
sites. The irregularity in height of the new cover in 
drought-bared areas compared with that in undis- 
turbed sod-bound patches which escaped such de- 
struction was very conspicuous. In the following 
years big bluestem gradually thickened, often to 
nearly pure stands, and oceupied much territory in 
which, before the drought, it had composed only a 
small percentage of the vegetation. 

Where big bluestem grew between the bunches of 
prairie dropseed or had come up in them, it was 
clear that the dropseed was growing less vigorously. 
By 1946 big bluestem had spread over many uplands 
to form open but continuous patches in and between 
the bunches of this species. It flourished almost as if 
no other grasses were present. It occupied the bare 
space resulting from drought. The drought-swept 
hilltops now often apeared like a lowland meadow, 
half of the vegetation being big bluestem. The 
irregular appearance caused by the bunches of prairie 
dropseed had disappeared since big bluestem filled 
the interspaces and spread its rhizomes through the 
bases of the bunches. Its great height-growth, ‘ts 
deeper reots, and its sod-forming habit placed the 
bunech-forming prairie dropseed at a disadvantage 
during wet years. In many places, big bluestem 
seriously threatens the dominance of this grass (Fig. 


13). 











Ju 








July, 1950 





Fig. 13. A sod of big bluestem growing around and 
up through a bunch of prairie dropseed. The general 
foliage level of the dropseed is about 16 inches; height 
of the bluestem is nearly twice as great. Photo near 
Lincoln, August 20, 1944. 


In some prairies big bluestem in 1944 was in- 
vading the sod of blue grama established during the 
drought (Fig. 14). Some patches had been obliterated 
by the thickening of the invaders to form a nearly 
complete overstory. General invasions where the 
bluestem-blue grama ecotones had formerly been very 
narrow were studied in detail. At first the bare soil 
which normally surrounded patches of blue grama 
was occupied, then the rhizomes advanced under the 
sod a few inches each year. Relatively new rhizomes 
only 2 age were found arising from 
They extended 3 to 4 feet into the 
territory of blue grama, Conversely, inward from 
the newly established front of the invading bluestem, 
the short grass became thinner and more attenuated 
foot by foot as the tall competitors became thicker. 
The number of gradually until 
finally only the decaying dead plants remained. This 


to 3 years of 
much older ones. 


shoots decreased 
was observed in many places and along invad ng 
fronts several rods in length. Under annual autumnal 
mowing, it seemed to require three years for big 
bluestem to exterminate the once-abundant blue gram. 


or buffalo grass. 
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Fig. 14. Early development of a sod of big bluestem 


of blue grama, formed 
Valparaiso, Nebraska, 


which is growing in a cover 
during the years of drought. 
Sept. 1944. 


Many outposts of short grasses were much invaded 
in 1944. However, the short grass was completely 
ousted even locally only after two or three years of 
dense shading. It should be emphasized that by 1947 
total foliage almost everywhere was a fourth to even 
a third denser than during seasons with normal pre- 
cipitation. The sod had thickened by an unusual 
development of most species. Hence shade was very 
dense. In one prairie near Hebron, Nebraska, where 
north-facing slopes had been more or less clothed 
with blue grama during drought, big bluestem now 
occupied 75 to 98 percent of the land and blue grama 
was found only in small but numerous islands, which 
were much shaded by its tall competitor. 

The spreading of big bluestem in the years follow- 
ing 1944 was marked in almost all the prairies studied 
except where wheat grass thrived. Most advanced 
were single shoots, then small to large bunches, and 
lastly the closed ranks of this tall grass. The large 
amount of litter in one prairie where the grasses 
were left unmowed was perhaps as much of a detri- 
ment to the shorter grasses as the shade produced 
by the current new growth. 

LITTLE BLUESTEM AND THE RETURN 
OF ITS TYPE 

Little bluestem was the first major species to de- 
crease greatly in drought; it also suffered the great- 
est losses, and it was the last to reappear. At the 
end of the drought it was of only intermediate im- 
portance and was outranked by six other dominant 
species. Of 12 sample prairies examined, scarcely 
a trace of little bluestem remained in half of them, 
in others it was rare, and only in portions of two 
was it abundant (Weaver & Albertson 1943). Since 
this species began to recover very tardily and mostly 
not until 1941, the space it vacated was appropriated 
mainly by the rapid spreading of big bluestem, which 
was previously associated with little bluestem, at 
least in small to moderate amounts. 
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When good rains fell, crowns of little bluestem 
which had previously supported only a few stems 
became two-thirds filled with them. Flower stalks 
developed, seeds were ripened, and seedlings and 
small tufts of little bluestem were common in 1943. 
The major return, however, was by the awakening 
of crowns that had put forth few or no green parts 
above ground but remained dormant for 5 to 7 years. 
During 1944 the plants, from whatever source, 
flourished. In former stands of little bluestem where 
there was survival, the stems were often 2 to 2.5 feet 
tall. This grass occurred often as widely scattered 
bunches and increased greatly in or near places 
where its survival was greatest. Small tufts rapidly 
expanded into large ones and where drought had 
not entirely destroyed the plants the return was 
fairly rapid, but only moderate compared with big 
bluestem. The bunches became extremely well filled 
with stems, seedlings produced many new bunches, 
and by 1946 it had spread considerably and also 
thickened its stand. Once again certain uplands took 
on the appearance of climax prairie with little blue- 
stem as the chief dominant. Considerable little blue- 
stem reappeared in upland stands of big bluestem. 
Mixture of two-thirds little bluestem and a third big 
bluestem with a few other grasses became common; 
parts of prairies with a dominance of 90 percent 
little bluestem can now be found. Despite these ex- 
ceptions, it will probably require a long period of 
adjustment for little bluestem to resume its general 
dominance over big bluestem wherever the latter 
occurs in great density. 

Where blue grama had invaded its territory, the 
old crowns of little bluestem sent forth new shoots 
without regard to the presence of the invader, a 
phenomenon that has been noted for nearly all species 
of dominant prairie grasses as well as forbs (Fig. 
15). With the return of little bluestem a cover of 
litter was rapidly formed. 





Fig. 15. June grass (Koeleria cristata) growing in 
a dense sod of blue grama, illustrating the replacement 
of this drought invader by various species of grasses 
and forbs which grew up through the short-grass sod. 
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Conversely, in some former little bluestem prairies 
little bluestem is now rare or absent. In a few 
places it has revived in local areas taken over by 
wheat grass during drought. These it seems to be 
reclaiming. Final study in 1948 showed the domi- 
nance of little bluestem and the suppression of wheat 
grass. A few local areas where prairie dropseed 
became very abundant and approached a pure stand 
during the later years of drought are now largely 
repossessed by little bluestem. Its return in abun- 
dance in many drought-populated places and in relict 
areas was spectacular. 

A comparison of the appearance of the relict little 
bluestem type in its remaining alternes with that 
of adjoining areas was made in 1946. An undisturbed 
area in mid-May was evenly populated with numerous 
grasses with an average height of 8 inches. The 
grasses formed a continuous carpet which had a very 
uniform appearance. There were no weeds and no 
hairy chess occupying interspaecs. The cover of 
debris was moderately thick and continuous despite 
annual mowing. No bare soil was exposed. Little 
bluestem was of the tufted sod-mat type and did not 
oceur in large bunches. The soil surface was smooth 
and not visibly eroded even on steep upper slopes. 
Numerous prairie forbs were evenly distributed 
throughout and did not oceur in local, dense, con- 
trolling stands. Side-oats grama, penn sedge (Carex 
pennsylvanica), and June grass were at a minimum. 
A small amount of bluegrass, Antennaria campestris, 
Viola pedatifida, Seribner’s panie grass, and rosettes 
of Senecio grew in the understory. Seedlings of 
grasses and forbs were rare since the vegetation was 
of the closed type. The balance between climate, soil, 
and vegetation had been attained; it was climax 
prairie. 

But in adjacent, drought-damaged areas the lack of 
stabilization was revealed in many ways. One or 
two, or at most three species of grasses dominated. 
Often these included side-oats grama, June grass, or 
other species of relatively small importance in the 
climax. The vegetation was very irregular in height 
varying with the density of stand. Many plants were 
suppressed, others were twice their stature in sta- 
bilized prairie, June grass, for example, had attained 
heights of 16 to 21 inches; the spikes were long and 
dense. In prairie, where competition was severe, the 
height was only about 14 inches and spikes were pro- 
portionately smaller. The cover of vegetation was 
incomplete. Much soil was exposed. In places the 
first inch of soil had been removed by wind and 
water, the surface was irregular. There was not a 
continuous, stable, protecting mulch. Kinds of forbs 
were few, some grew in unusual density. There was 
no understory except of scattered patches of seed- 
ling grasses and forbs. 

SPREADING OF KENTUCKY BLUEGRASS 

Bluegrass was absent at the end of the drought 
from all but a few of the most easterly prairies. 
Before the drought it nearly always formed 5 percent 
or more of the vegetation (Weaver & Fitzpatrick 
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1934). But where little bluestem died of drought, 
bluegrass also succumbed. It remained only where 
relict little bluestem and big bluestem continuously 
furnished shade. But in 1941 bluegrass recovered 
in patehes in ravines and spread across the upper 
flat portions of these onto the hillsides where run-in 
water or melting snow furnished an additional supply 
of moisture. A good crop of seed was produced. 
Thereafter it spread across ravines and up adjacent 
slopes, completely covering much open soi] and 
forming a thin understory to whatever prairie grasses 
were in possession, except wheat grass or blue grama. 
By 1944 it had taken over and consolidated its 
holdings in much semibared soil. Like other cool- 
season grasses it made great use of the water supply 
in early spring, and like all prairie species at this 
time seemed greatly rejuvenated by the decreased 
competition. Its continuous dominance over local 
areas denoted severe previous disturbance. Where 
seral species as sand dropseed and many-flowered 
aster occurred, they were gradually reduced in size 
and numbers by the bluegrass sod. Since its invasion 
into many bare areas occurred immediately after 
drought and its network of dense rhizomes and 
efficient masses of roots filled the soil, bluegrass now 
has possession of numerous large patches of prairie. 
Some of these occur on low ground, mostly in or on 
the banks of ravines, but not a few on ridges and 
other dry sites. In fact, in 1944 it became common 
almost everywhere as an understory, except in certain 
drier, western areas. Eastward it invaded areas of 
short grass and to a lesser extent those of wheat 
grass, especially the more open stands. Wherever 
bare interspaces occurred bluegrass rapidly threaded 
them with rhizomes. It was an important species 
in restoring the soil mulch which was almost absent 
during drought. This was especially conspicuous in 
certain communities of needle grass where the mulch, 
next to wheat grass, was the last to develop. In 
general, bluegrass became very widely distributed. 
It occurred in small amounts in the more moist places 
of even the driest prairie, and thrived under big blue- 
stem and other warm-season grasses. An exception 
in many places was its small amount or absence in 
alternes of nearly pure prairie dropseed. Usually 
only small amounts, if any, were found intermingled 
with the cool-season grasses as western wheat grass 
and needle grass, since here even in spring soil mois- 
ture was less plentiful. Where invasion had occurred, 
this was sometimes indicated by the sparse stand, 
dwarfed flower stalks, and small inflorescences. 
Bluegrass has now reached its predrought cover of 
4 to 10 percent of the vegetation in many prairies. 
In some this amount is greatly exceeded where it 
almost alone has replaced the early postdrought 
understory of Bromus tectorum, B. commutatus, and 
certain other annual Even in the most 
westerly true prairies it is gradually becoming wide- 
spread. The large size and vigor of the plants (some- 
times flower stalks 3 feet tall stood thickly on up- 
land), their enormous seed crops, and the rapid 


grasses. 
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spread over hilltops and dry slopes were one of the 
striking features of revegetation. 


ISTABLISHMENT OF SEEDLINGS 

Bountiful crops of seedlings were produced fol- 
lowing the years of desiccation of the soil. Con- 
ditions for growth of seedlings in both 1942 and 1943 
were excellent, In 1942, for example, the surface 
of the soil under the rapidly developing grasses was 
damp practically all spring and mostly throughout 
June, not only because of rain and heavy dew but 
also because of much cloudy weather. Moreover, the 
vegetation itself was becoming denser and furnished 
considerable protection to the seedlings from direct 
isolation, a condition which is favorable to their 
early development. 

“Tn 1943 one was impressed by a new phenomenon, 
that of different stages of development of the several 
species from seedlings to small bunches. By mid- 
summer, seedlings of the previous year were rooted 
1.5 to more than 2 feet deep, and still older bunches 
more deeply. The oldest were beginning to produce 
flower stalks and thus indicated both successful ecesis 
and a permanency of the cover” (Weaver & Albert- 
son 1944). 

By 1944 remaining interspaces in the prairies were 
being populated by seedlings of various grasses, by 
offshoots from established plants, or by the late re- 
covery of grasses from dormancy. Seedlings of 
needle grass, June grass, bluegrass and_ side-oats 
grama were often most abundant and most widely 
distributed but those of tall dropseed, prairie drop- 
seed, blue grama, and big bluestem were often plenti- 
ful. One- and two-year-old plants of many grasses 
were common. Still older ones showed their youth 
by producing only one or a very few flower stalks. 

Little replacement of the forb population occurred 
over a period of 6 to 7 years, since failure to ecom- 
plete vegetative growth or to blossom or ripen seed 
was usual. Seedlings of forbs were rare in 1941-42, 
but many forbs which had vanished from all but 
relict patches of little and big bluestem prairie re- 
turned after a year or two of good precipitation. By 
1944 seedlings of some forbs were plentiful in places 
but they were far more abundant, more varied, and 
of more general occurrence in following years. The 
process of reseeding interspaces among the thickening 
vegetation and small bare places wherever they oc- 
curred continued in 1945 and 1946. 


NEW SOIL MULCH AND RETURN 
OF UNDERSTORY 
A good soil mulch consisting of plant debris so ecom- 
pletely covered the ground in many prairies by 1944 
that almost no soil was left bare. This was true not 
only in the relict prairie types but in much other 
vegetation as well. In fact the greater density of 


vegetation, the establishment of a good mulch, and 
the beginning of the return of the understory were 
prominent features of the vegetation in 1944. Where 
best developed this layer of debris was one-half to 
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three-fourths inch thick and often continuous, a phe- 
nomenon not seen since 1934, The presence of the 
mulch all over areas where the black bare soil had 
been exposed for nearly a decade was very impressive 
and denoted great change in environment, The driest 
places in the prairie, including the breaks at the tops 
of steep banks, now had a good cover of debris. This 
was often furnished by June grass, side-oats grama, 
and bluegrass. 

Every species of plant contributed something to 
this layer of debris, but certain species much more 
than others. June grass, prairie dropseed, bluegrass, 
blue grama, side-oats grama, and hairy chess were 
all among the more efficient. 

June grass, commonly an_ interstitial species, 
formed a continuous sod over many rather large open 
spaces. It was often abundant in the needle grass 
type, but not generally so. While the young tufts 
were sometimes only 1 to 2.5 inches in diameter, the 
top spread was 6 to 8 inches. Thus, although the 
plants were 2 to 4 inches distant, they formed a good 
stand with nearly all of the soil covered between 
the bunches. They often occurred abundantly in 
wheat grass sod where 2 to 3 bunches per square foot 
were not uncommon. The mulching effect of the dead 
but attached leaves was pronounced. They extended 
4 to 5 inches outward from the base of the tufts and 
in spring often completely concealed the new shoots 
of little bluestem beneath them. The dark-green 
colored patches of this species appeared over the 
landscape like the shadows of small clouds. 

June grass is relatively short lived. It is not a 
good competitor and it has been gradually relegated 
by needle grass, bluestems, and other more stable 
grasses to its former place as an interstitial plant. 
But during this process it added considerable mulch 
to the soil. 

The narrow, greenish-yellow leaves of prairie drop- 
seed, which curve outward and downward in sum- 
mer, lodge thickly in winter in such a manner as to 
provide a mulch to a distance of 10 to 14 inches 
around the base of the plant. Old patches present a 
complete dense cover of lodged leaves. It may be 
partly due to this dense debris that few forbs or 
other grasses occur here. Often there is no bare 
ground (Fig. 16). 





Fig 16. Bunches of prairie dropseed in early spring, 
showing the thick mass of widely spreading and lodged 
leaves still attached to the crown. The new growth is 
erect. May 20, 1947. 
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An excellent type of soil mulch was furnished by 
bluegrass. It was often the greatest contributor both 
to covering the open soil and to producing a thick 
mulch. Where the stand was thick no soil was visible 
and the dead mulch was 2 to 3 inches deep. Such a 
muleh may be distinctly harmful to other grasses, 
especially in the seedling stage. Side-oats grama also 
furnished much debris, although the bleached dead 
leaves for a time remained attached to the stems. 

Hairy chess has gradually disappeared from many 
prairies and its abundance is greatly reduced in all. 
It has been replaced by more stable, perennial grasses. 
But its role in preparing and maintaining a mulch 
should be emphasized. Thick local stands in small 
bared places often had 20 to 25 stems per square inch 
and a height of 10 to 12 inches. Even after it dis- 
appeared in areas of true prairie in 1945-47, it still 
persisted in patches of short grass. The plants not 
only grew thickly in the openings in the mats and in 
the bare spaces surrounding them, but the whole sod 
mat itself was overtopped by the panicles of hairy 
chess. This maintained although the blue grama 
foliage was 8 inches high and the flower stalks 15 
inches or more. This dense growth was often a 
detriment to the short grass for not only did it de- 
crease the water supply but also greatly shaded and 
often almost obscured the 8- to 9-ineh foliage of 
blue grama. In places the dead debris in blue grama 
was 2.5 inches thick. 

Hairy chess persisted as long as bare spots were 
available between the bunches of needle grass or 
prairie dropseed. Where the bunches were open this 
weed grew within them. Even when local drought 
occurred, the stands were thick although the stems 
were dwarfed. 

In stands of wheat grass, hairy chess may still per- 
sist. For many years it formed a more or less com- 
plete understory and often produced considerable 
mulch as has already been described. 

Exceptions to the more or less general presence of 
a well developed mulch occurred as late as 1946-47. 
In pure stands of needle grass the mulch was some- 
times only partial. Under newly established prairie 
dropseed, where the plants were not densely aggre- 
gated, bare black soil still occurs. In the mixed 
grass type of somewhat open stand 20 to 30 percent 
of the bare soil was free from any cover of dead 
vegetable matter. 


RETURN OF FORBS AND 
RE-ESTABLISHMENT OF SOCIETIES 


By 1944 the forbs had nearly all inereased greatly 
in stature. This was one of the most outstanding 
features of the prairies but it was nearly confined to 
those of the relict bluestem type. Here too they first 
increased in abundance. Excellent examples are 
Amorpha canescens, Psoralea floribunda, P. argo- 
phylla, and Helianthus rigidus' (Cass.) Desf. These 
were nearly all old, well established plants, The in- 
crease was mostly in height-growth, abundance of 
foliage, and number of stems. In some prairies a 
predrought stand was almost attained by Psoralea 
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floribunda; Helianthus rigidus produced large plants 
without much inerease in numbers. Dwarfed, single- 
stemmed plants of Baptisia leucophaea Nutt. now 
developed 4 to 5 stems of normal size. The very 
deeply rooted Kuhnia glutinosa often produced 20 
to 40 vigorous stems where only a few dwarfed ones 
grew before. 

By 1944 Rosa pratincola was very abundant in 
local but extensive patches. When in blossom the 
plants were readily located from a distance by the 
delicate fragrance of the flowers. In dense societies 
20 to 40 blossoms occurred per square meter. The 
red buds and white, pink, or rose-colored flowers 
were found mostly at the upper foliage level of the 
grasses in June. So deeply are the plants rooted 
and so little shade is produced that often they did 
not noticeably affect the abundance of the grasses. 

Increase in stature was not apparent in some 
prairies even in 1944. Societies of forbs were few, 
highly localized, and almost confined to ravines and 
other favored sites. The following were becoming 
more plentiful where their stand had been greatly 
depleted: Meriolix serrulata, Aster sericeus, Sisy- 
rinchium campestre, Liatris punctata, Solidago glab- 
errima, Artemisia gnaphalodes, Silphium integrifo- 
lium (locally), and westward, Solidago mollis. But 
many of these were not yet present in normal abun- 
dance. About 20 other species were again seen 
occasionally, some for the first time since the drought. 
Among these were Petalostemum candidum, P. pur- 
pureum, Vicia americana, Delphinium virescens, Sal- 
via pitcheri, and Hieracium longipilum. Despite these 
gains the general aspect in the prairie everywhere 
was that of grass with only occasional forbs; a 
longer time was necessary for the re-establishment of 
the societies. 

In 1945 forbs were much less localized than be- 
fore; greatly disturbed areas were being populated 
as well as relict types. It was now also clear that 
some had spread widely and occurred in sites where 
they were not found before the prairie grasses had 
been greatly depleted. Psoralea argophylla had not 
only far exceeded its predrought abundance in many 
prairies but spread over the driest hilltops as well. 
Ceanothus pubescens (T. and G.) Rydb., formerly 
quite local on upper slopes, had now spread widely 
and the stand had thickened greatly. Geoprumnon 
crassicarpum showed an enormous increase in both 
numbers and distribution. Its societies were far 
more extensive than under normal stabilization of 
prairie. Plants of Baptisia leucophaea, normally 
rather widely spaced and largely confined to lower 
slopes, now grew on the uplands as well. Some 
societies were so dense that the tops of the plants 
were in contact with each other over several square 
yards. Vicia americana, commonly found on low 
ground, now oceasionally flourished on the hilltops. 

A remarkable increase in numbers of many species 
had been attained. Stems of Helianthus rigidus had 
increased greatly; there were sometimes 30 to 60 
per square meter. Amorpha canescens was greatly 
overdeveloped, often 9 to 15 very tall and very leafy 
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stems were counted per square meter. Plants of 
Liatris punctata were often 5 to 10 times more abun- 
dant than before the disturbance caused by drought. 
Psoralea floribunda grew so thickly in some prairies 
(outside the wheat grass and needle grass types) that 
in early summer the whole area appeared as a single 
society of this legume. Plants of P. esculenta were 
especially large, thrifty, and overabundant. P. argo- 
phylla had increased to 100-130 stems per square 
meter in 1947. Certain prairies westward where 
forbs had been few, now displayed a considerable 
variety. Twelve distinct societies were recorded in 
1945. In most prairies, other than needle grass and 
wheat grass, societies of many of the species men- 
tioned occurred for the first time since the great 
drought. Societies of at least 25 species were re- 
peatedly observed. 

In addition many other forbs were returning in 
greater or less abundance, some as Echinacea pallida, 
Pentstemon cobaea, Hosackia americana, Polygala al- 
ba, Anemone cylindrica, and Fragaria virginiana were 
seen for the first time since drought. Among these 
later arrivals were Comandra umbellata, Agoseris 
cuspidata, Viola pedatifida, Mesadenia tuberosa, Gly- 
cyrrhiza lepidota, and Heliopsis scabra. Others had 
persisted only in ravines. 

The heavy rainfall following the years of drought 
had now wet the soil for many feet in depth and all 
plants including the most deeply rooted had bene- 
fited greatly. All were of unusually large size and 
many grew more thickly than the writer had ever 
seen before. This was especially true of Amorpha 
canescens; Psoralea floribunda often had 100 to 120 
stems per square meter on the hills and twice as 
many on lower slopes. While the usual number of 
flower heads of Helianthus rigidus when growing in 
prairie is only 1 to 3, they now varied from 3 to 7 and 
all were much larger than normal. Rosa pratincola 
had greatly increased and in many places in relict 
bluestem prairie formed one-third to one-half of the 
entire plant cover. Since this species often has roots 
18 to 20 feet in depth, propagates by underground 
parts, and attains a considerable height even when 
mowed annually, it may be many years before it is 
reduced to its usual predrought status. In one large 
prairie Ceanothus pubescens had migrated from the 
upper slopes downward to banks of ravines. Small 
plants were scattered over the entire hillside. That 
they were young and had had little time for reaction 
upon the new habitat was shown by the presence of 
prairie grasses beneath them, These are regularly 
ousted by the shade of well developed clumps or, at 
best. only bluegrass remains. 

The large size and enormous crop of fruit pro- 
duced by Geoprumnon crassicarpum was remarkable. 
Seventy five to 95 unusually large fleshy pods were 
counted on single plants. 
was even more abundant than reported in 1944 
(Weaver & Albertson), since many of the few- 
stemmed plants had now developed into large clumps. 
Hieracium longipilum previously found as isolated in- 
dividuals was not infrequently well aggregated, 10 to 
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20 rosettes occurring in a single square meter. In 
patches on lower slopes plants of Liatris scariosa 
oceurred at the high rate of 10 per square meter. 
Among plants late in appearing after the drought 
were Lithospermum gmelini (Michx.) Hitche., Les- 
pedeza capitata, Meibomia illinoiensis (except in 
ravines), Glycyrrhiza lepidota, Petalostemum candi- 
dum, and Viola pedatifida. Although there was a 
steady increase in number and size of societies of 
forbs, only in relict prairie did their distribution ap- 
proach a predrought norm. Where the cover had 
been greatly depleted certain species grew in un- 
usual abundance but in some prairies only, while 
many forbs formerly present were not found. 

When one compared the forbs in even a small 
piece of upland prairie which had been little dis- 
turbed by drought with an adjacent area of similar 
size which had been drought-swept, marked differ- 
ences were found. For example, in 1946 the flora in 
and adjacent to an old prairie road running down 
a steep west slope was compared with that two rods 
beyond. Of 24 species of forbs found in the slightly 
disturbed prairie, 12 were not found in the adjacent 
area. In a similar comparison of a drought-swept 
place on the hilltop and another adjacent site on an 
upper north slope, 16 species were found in the 
more protected area only. Nine of 11 others also 
grew in the drought-disturbed area, but in much 
reduced numbers. 

The understory vegetation is returning’ only slowly 
and even seven years after the drought the ground 
layer is far from complete. Thus, despite great 
inereases in numbers of forbs, and even an over- 
abundance of certain species, the total population is 
still far below that preceding the catastrophe of 
drought. Moreover, distribution is not so uniform. 
Thus, the effects of drought are still plainly to be 
seen by any one who ean interpret the prairie land- 
scape. 


SUMMARY 


During the three years (1941-1943) following the 
seven years of devastating drought, the true prairie 
of the midwest had succeeded in repopulating most 
of the bared soil. But a series of changes in the 
vegetation seemed inevitable before predrought sta- 
bility could be attained. 

These changes included an increase in the former 
dominants, suppression of drought dominants under 
the wetter phase of the climatic cycle, disappearance 
or suppression to normal numbers of other relict 
drought populations, and an increase of drought- 
depleted forbs. Other necessary changes were a 
new development of societies, reduction in height- 
growth with the return of increased competition, re- 
establishment of the understory, and the building of 
a soil mulch. These phenomena have been studied 


during a period of five years very favorable for 
stabilization. 

Extensive predrought surveys (1928 to 1933) re- 
vealed the presence of only three major upland com- 
munities of prairie. 
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grass (Stipa spartea) consociation was greatly 
thinned at the inception of drought. But later, in 
addition to holding its own territory, it spread widely 
and after 1943 formed the third most extensive com- 


munity. Prairie dropseed (Sporobolus heterolepis) 
ranked as only a_ small consociation preceding 
drought. It not only recovered its losses during 


drought but also increased its territory enormously. 
But it still ranks lowest in extent among the eight 
present-day prairie types. 

Little bluestem (Andropogon scoparius) was for- 
merly the most abundant of all prairie grasses. It 
formed the third and by far the most extensive ¢on- 
sociation of upland true prairie. But losses were so 
severe and readjustments so great that by 1943 the 
largest portion of it was oecupied by a relict big 
bluestem (A. furcatus)—little bluestem type, and the 
remainder by a big bluestem type and one of mixed 
grasses. 

In addition to these five old or modified types, three 
new ones (western wheat grass (Agropyron smithii), 
blue grama (Bouteloua gracilis), and mixed prairie) 
had developed. The area oceupied by mixed prairie 
is largest, western wheat grass second, and needle 
grass third in the greatly disturbed true prairie west 
of the Missouri River. 

The persistence of communities of wheat grass 
and their marked effect in modifying the water re- 
lations of the soil are most impressive phenomena. 
Wheat grass has not extended its area since the 
bared soil was reclaimed by other perennial domi- 
nants. Only rarely has it surrendered its control 
over very extensive areas occupied during drought. 

Wheat grass, unlike other prairie grasses, develops 
a very inefficient mulch. Often the soil remains 
nearly bare. Hairy chess (Bromus commutatus), 
a chief species of the understory, often forms a good 
muleh. An understory of blue grama may also occur. 
A few prairie grasses invade wheat grass areas in 
wet years, but competition for water is too severe to 
permit general invasion. 

The presence of wheat grass retards rainfall pene- 
tration or infiltration of water applied artificially, 
often to the extent of 35 to 50 percent. Extensive 
sampling has shown that the soil is always much 
drier under a wheat grass sod than under adjacent 
prairie grasses. The bare soil or meager muleh per- 
mits beating rains to destroy the soft crumb-like 
soil aggregates at the surface; fine particles are 
carried into the soil with the water and more or 
less completely clog the pores in the surface layer. 

Competition of wheat grass was so severe in 
drought that other grasses and even very deeply 
rooted forbs were dwarfed or died. Dwarfing of 
forbs still persists. The difficulty of establishment 
of seedlings is due to the large amounts of water 
absorbed and transpired by this early, deeply rooted, 
sod-forming species which is active also early in 
spring and late in autumn. 

Where very open stands of big bluestem alone re- 
mained on upland when little bluestem died, in- 
vasion by wheat grass usually resulted in suppression 
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of the bluestem. But where big bluestem was more 
abundant and firmly intrenched but dormant, in- 
vasion by wheat grass was sometimes unsuccessful. 
Any progress in the replacement of wheat grass in 
upland areas has been slight. 

The present needle grass type is unlike that of 
the predrought community in the absence or small 
numbers of intermixed prairie grasses, a paucity of 
forbs, the absence of an understory, and the lack of 
a continuous mulch. 

An indicator of delay in recovery was the per- 
sistence in places of certain species in the marked 
overabundance they had attained when the soil was 
otherwise bare. Chief among these were Aster multi- 
florus, Erigeron ramosus, and Solidago glaberrima. 
Ionoxalis violacea and Anemone caroliniana are ex- 
amples of similar species with organs for under- 
ground storage of food. Examples among the grasses 
were side-oats grama (Bouteloua curtipendula) and 
purple lovegrass (Eragrostis spectabilis), and the 
lingering presence of sand dropseed (Sporobolus 
eryptandrus) and hairy chess. 

Another indicator of incomplete recovery was the 
presence of certain invading species which had ap- 
parently become rather permanent constituents of 
true prairie. Examples are Muhlenbergia cuspidata 
and Geoprumnon plattense. 

The great upsurge of vegetative development of 
practically all prairie plants during and following 
the very wet year, 1944, was pronounced. 

Spreading of big bluestem following 1944 was 
marked in portions of all of the prairies except where 
western wheat grass thrived. Parts of dormant 
crowns resumed growth as single or few-stalked 
plants. The stand at first was open but widespread 
propagation by rhizomes was rapid and the sod 
gradually thickened. The greater height, deeper roots, 
and sod-forming habit of big bluestem placed the 
bunch-forming prairie dropseed and the low-growing 
blue grama at great disadvantage; short grass was 
completely ousted in three years. 

Little bluestem was the first major species to de- 
crease greatly in drought; it also suffered the greatest 
losses and was the last to reappear. Following the 
drought it was of only intermediate importance and 
was outranked in abundance by six other dominant 
species. But flower stalks developed, seed ripened, 
and seedlings and small tufts were common by 1943. 
Its return in abundance, often from crowns which 
had been dormant for 5 to 7 years, in many drought- 
populated places and in relict areas was spectacular. 
Differences in relict stands and newly populated 
areas have been studied. 

Bluegrass (Poa pratensis) was practically absent 
by the end of the drought, though formerly it com- 
posed about 5 percent of the vegetation. Recovering 
slowly in ravines it spread upward along them onto 
the hills. In wetter years it completely covered much 
bare soil or formed a thin understory to whatever 
prairie grasses were in possession, except wheat grass, 
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blue grama, and prairie dropseed. It now forms 
many large patches and often exceeds its predrought 
abundance. It is important in restoring the soil 
mulch. 

Conditions for growth of seedlings following 
drought were excellent. In 1943 those of most grasses 
developed into small bunches. Next year they pro- 
duced abundant seed and new vegetation flourished. 
Seedlings of forbs were rare immediately following 
drought. By 1944 those of certain species were 
plentiful in places. Reseeding interspaces among 
the thickening vegetation continued throughout sue- 
ceeding years. 

A good soil mulch occurred everywhere in pre- 
drought prairie. Almost none was found on the 
bare, black soil during the 7 years of drought. By 
1944 the denser vegetation had gone far toward re- 
establishing a protecting cover of debris. Every spe- 
cies contributed to this process but among the more 
efficient were June grass (Koeleria cristata), prairie 
dropseed, bluegrass, blue grama, side-oats grama, and 
hairy chess. The mulch was often only partial under 
needle grass, western wheat grass, and in open stands 
of the mixed-grass type. 

Forbs increased greatly in size three years after 
the drought, but these were nearly all old plants in 
the relict bluestem type. Here too they first in- 
creased in numbers. Elsewhere societies of forbs 
were few and highly localized in the more favorable 
sites. Many species were not found until 1944; some 
returned even later. By 1945 it was clear that cer- 
tain species had spread widely and grew abundantly 
in sites where they did not oceur before the grasses 
had been greatly depleted. In general, the forb 
population thickened to form societies only slowly. 
Even seven years after drought the layer of under- 
story vegetation is still far from complete. 
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